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Abstract 
Inorganic-organic nanostructured hybrid materials can be designed to achieve specific and 
complementary optoelectronic properties different from indivisual organic and inorganic 
components. The efficient coupling between organic and   inorganic moieties facilitates 
optimization of these optoelectronic properties as single entity. Simply dispersing 
semiconductor nanocrystals in organic polymers permits nanocomposite formation, but 
usually they are prone to phase separation. For more-efficient energy transfer, charge carrier 
transport and correspondence between energy levels of the semiconductor nanocrystals and 
conducting polymers, direct interaction is necessary. Direct synthesis of semiconductor 
nanocrystals inside the conducting polymers matrix can help us to achive higher interfacial 
interaction between two components. This increases the surface-area-to-volume ratio contact 
between organic and inorganic moieties. Due to this advantage, energy transfer mechanism in 
hybrids can be tuned more efficiently for radiative or nonradiative decay. Recombination of 
excitons or the isolation of electrons (modulation of charge transport) by controlling the 
conduction band-valence band (HOMO - LUMO) level becomes more tunable in donor-
acceptor materials systems. Such optoelectronic property fine-tuning in a nanostructured 
hybrid system can also be easily integrated into device fabrication (e.g., photovoltaic 
systems, light-emitting diode materials, sensors, and patterned arrays). Semiconducting 
polymer shell facilitates greater solubility and dispersion of the semiconductor nanocrystals 
in a host polymer matrix. The use of such semiconducting polymers is an interesting method 
for facilitating surface functionalization, nanocrystal solubility, and electrochemical 
II 
 
reactivity. By focusing on different chalcogenide, semiconductor nanocrystals (NCs) or 
quantum dots (QDs) along with low or wide band gap conducting polymers, it is possible to 
investigate structure-property relationship. This thesis focuses on the design, synthesis, and 
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            My research work started from in situ synthesis of CdS nanorods directly grown into 
benzothiadiazole based semiconducting polymer solution using an air stable single source 
precursor (SSP). The CdS nanorods synthesized were 15 -18 nm in length and 4 - 5 nm in 
diameter. The synthesized hybrids showed strong non-linear absorption in open aperture z-
scan measurements in solution. The best-fitted experimental data gives higher βeff values 
compared to the pure polymers. We also estimated effective scattering coefficient for the 
nanohybrids, which is absent in case of pure polymers. These differences indicate that the 
non-linear optical property arises from the surface chemistry of CdS nanorods and 
Benzothiadiazole copolymers. 
           Motived from Chapter 2 further efforts were made towards anisotropic CdS-AgInS2 
nanocrystals growth directly into benzothiadiazole based semiconducting polymer solution 
using the mixture two single source precursors, Cd(DDTC)2 and  AgIn(DDTC)4. The CdS-
AgInS2 nanocrystals are anisotropic in nature. Those synthesized hybrids show strong non-
linear absorption in z-scan measurements along with enhanced optical limiting properties in 
solution. Interestingly the optical limiting property is significantly enhanced compared to 
either CdS-AgInS2 or the polymer alone. These differences indicate that there is a strong 
interaction at the surface chemistry level between CdS-AgInS2 nanocrystals and 
benzothiadiazole based semiconducting copolymers 
In Chapter 4, we demonstrate direct growth of CdxZn1-xS and CdS nanocrystals into 
conducting polymer matrix using microwave heating with an objective to understand the 
effect of nanocrystals on the polymer properties using electrochemical and spectroscopic 
techniques. The spectroscopic results reveal that the electronic structure of polymer is 
strongly influenced by the nature of semiconducting nanoparticles. TEM images show the 
X 
 
ordered morphology of the CdxZn1-xS and CdS nanocrytals in the polymer matrix. Cyclic 
voltammetry performed enables us to understand the redox changes in the hybrids due to 
CdxZn1-xS and CdS quantum dots such as reorganization of HOMO and LUMO and variation 
in their electrochemical band gaps. 
              In order to study the role of various synthesis effects on structure-property 
relationship in the inorganic-organic hybrid system, we have synthesized CdS nanocrystals 
directly into conducting polymer by microwave as well as conventional heating in Chapter 
5. It is concluded that that the electronic structure of hybrid is strongly influenced by the 
synthesis condition as well as by the characteristics of embedded semiconducting 
nanoparticles. TEM images show nanocrystal morphology of the CdS nanocrystals strongly 
influenced by the synthesis condition as well. Cyclic voltammetry performed enables us to 
understand the redox changes in the hybrid system due to CdS nanocrystals such as variation 
in their electrochemical band gaps. 
           In Chapter 6, a novel method was used to synthesize CdSe and anisotropic CdS-
AgInS2 single-crystal nanorods directly in the presence of low band gap conjugated 
polymers, where the polymers act as a molecular template for of CdSe and CdS-AgInS2 
nanocrystals and, in the meantime, as an efficient charge conductor in hybrid form. A 
considerably efficient PL quenching was detected for the nanocrystals and suggested a result 
of electronic coupling between the nanocrystals and the conducting polymer matrix. 
Interestingly, CdS-AgInS2 nanorods showed better charge transfer efficiency compared to 
CdSe nanocrystals, indicating CdS-AgInS2/polymer hybrids more favorable choice for 
photovoltaic application. 
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 2 
We are at the very beginning of time for the human race. It is not unreasonable that we 
grapple with problems. But there are tens of thousands of years in the future. Our 
responsibility is to do what we can, learn what we can, improve the solutions, and pass them 
on. 
                                                                                           
- Richard. P. Feynman 
 
 
           The aim of this thesis is to synthesize and investigate the structure-property 
relationship in nanostructured hybrid materials based on semiconducting organic polymer 
and inorganic semiconductor nanocrystals. 
           Nanotechnology has brought dramatic changes by marrying optics and electronics –
better known as optoelectronics, which covers a broad range of devices in areas from next 
generation photovoltaic to information technology, with even more to come in the near 
future.
1-6
 In particular, two dynamic areas of research stand out such as semiconductor 
nanocrystals and conducting polymers, having already proven their importance for 
optoelectronics and bearing even greater potential for revolutionary technologies to come. 
          While colloidal quantum dots are based on conventional semiconducting material and 
gain their new functionality through quantum size effect, conducting polymers are usually 
employed in bulk and achieve their specific characteristics more through material design 
rather than their size. Here, nanotechnology helps to unravel structure-property relationships 
on the single molecule level with the aim of material optimization. Conducting polymers are 
a class of materials that combines optical and electrical properties similar to classical, 
inorganic semiconductors with the unique properties of plastics. The motivation for 
establishing this new technology is twofold: first, in areas where price and simplicity are 
more important than performance and organic devices can serve as mere low-cost substitutes 
to conventional semiconductors. While conventional semiconductor technology requires 
costly, sophisticated and complicated fabrication techniques (crystal growth, clean room 
environment, epitaxy, lithography, etc.), organic electronics is usually based on 
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 3 
comparatively simple and easy wet-chemical techniques (solution processing, spin-coating, 
chemical facilities, etc.). One can imagine, for example, low-cost devices like digital displays 
and integrated chips (ICs) into disposable product packaging. Secondly, organic electronics 
can offer novel functional flexibility not easily achievable in conventional semiconducting 
devices, thereby complementing them. Furthermore, synthetic flexibility allows us to tailor 
the properties of organic optoelectronic materials like emission color or electrical 
conductivity specifically for the desired application. 
          So shape control, flexible choice of organic or inorganic material and composition 
control offer a versatile toolbox of flexible parameters, which is even expanded in the case of 
inorganic-organic hybrid systems, where semiconductor nanocrystals are combined with 
conducting polymers.
7, 8
 Being a blessing on the one hand, as it allows custom-designed 
materials, this flexibility is also a curse, as it makes a systematic improvement and a general 
physical description challenging. Especially in ensembles of entities nominally possessing the 
same properties, the chemical approach leads to a spread in material characteristics, 
complicates the situation further. A very graphic example in this respect is the distribution of 
chain lengths and conformations of the polymer molecules making up a polymeric display.  
            Our aim was to investigate surface influence on the semiconductor nanocrystals along 
with the energetic levels of hybrids to enable efficient charge transfer in hybrid devices. 
Throughout the study, we discovered that there are additional limiting factors in this system. 
The electronic properties depend on different aspects such as composition, the quality of the 
interacting medium, synthesis condition, etc. The thesis is arranged in following manner: 
Chapter 1 introduces the two basic components in our system – the inorganic semiconductor 
nanocrystals and the organic conducting polymers. It describes the synthesis methods and 
characterization techniques of different inorganic-organic hybrids. 
Chapter 2 brings to light on the contribution of the quantum dot interface to non-linear 
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optical properties of the inorganic-organic hybrids. It focuses on the interaction of the 
interface through the organic conducting polymer as a capping layer. 
Chapter 3 describes the enhanced optical limiting property of the hybrid compared to the 
individual components present in the system. 
Chapter 4 presents the microwave assisted in situ growth of the inorganic-organic hybrids 
and its electrochemical property studies. 
Chapter 5 compares two different synthetic methods, microwave vs. conventional heating 
employed for one-step inorganic-organic hybrid synthesis. The cyclic voltammetry 
characterization is also described. 
Chapter 6 presents a comparative study of two different semiconductor nanocrystal/ polymer 
hybrids and their optical, electrochemical characteristics. 
Chapter 7 presents the overall conclusion and future prospect of the current research work. 
 
1.1 Semiconductor Nanocrystals  
   
 
              Semiconductor nanocrystals (NCs) with 1-10 nm size range have generated 
tremendous interest over the past decade in the fields of physics, chemistry as well as 
engineering.
9
 These NCs are also known quantum dots (QDs) and their optical properties are 
governed by laws of  quantum mechanics. The good photostability, high photoluminescence 
(PL) efficiency, and wide emission tunability makes QDs excellent choice as new age 
chromophores. In comparison with organic dyes, this class of luminescent labels have high 
quantum yield, high molar extinction coefficients (~10 – 100 times that of organic dyes), 10, 11  
narrow, symmetric PL bands (full-width at half-maximum ~25 – 40 nm) spanning from the 
UV to near infrared range (NIR) and resistance to photobleaching.
12
 They provide a 
functional platform for a unique class of materials for use in light emitting diodes (LEDs),
13
 
Pradipta Sankar Maiti 







 Due to the quantum-confined nature of QDs such as 
cadmium selenide (CdSe), the variation of particle size provides continuous and predictable 
changes in fluorescence emission. Significant number of NCs has been synthesized, including 
II - VI group NCs such as CdS, CdSe and CdTe, III - V group NCs such as InP and InAs, and 
IV - VI group NCs such as PbSe and PbS.
16
 
         
Figure 1.1. Schematic diagram depicting energetic levels in bulk semiconductors, 
semiconductor nanocrystals and semiconductor molecules. Bulk semiconductor is 
characterized by valence and conduction bands separated by a finite energetic gap, lowest 
energy molecular transitions occur between the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LUMO). Semiconductor nanocrystals feature 
discrete energy level due to quantum size effect. 
 
 
                
           The most intrinsic property of NCs that attracts research efforts is their size dependent 
emission upon illumination due to quantum confinement effect, which occurs when one or 
more of the dimensions of a NC approach the size of an exciton in bulk crystal, known as 
Bohr exciton radius, leading to energy levels called "energy subbands", i.e., the carriers can 
only have discrete energy values (Figure 1.1).
16
 
           Colloidal semiconductor nanocrystals are synthesized in solution in a conceptually 
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simple wet-chemical synthesis, where skill and experience of the chemist is more important 
than a sophisticated technical equipment.
17, 18-21
 This approach adds increased flexibility to 
the parameters that can be explored: size and material composition - homogeneous or 
heterogeneous in nature - can be tuned more freely; the colloidal nanoparticles' surfaces can 
be functionalized, for example, to combine them in organic-inorganic hybrid systems
22-24
 and 
such nanocrystals are readily usable due their easy solution processability. This way a 
collection of differing nanocrystals can be prepared, ranging from simple homogeneous 
spherical nanocrystals
25
, to complex heterogeneous nanotetrapods
26
, to even more elaborate 
structures with further branched topologies.
27, 28
  
           The wet-chemical synthesis of colloidal nanocrystals
17-19, 29
 is usually followed into 
two main steps, which are delicate to control. The nucleation is started by adding adequate 
precursor compounds to the reaction solvent, which also acts as stabilizing agent. In this 
environment with defined temperature (typically around 300 °C) the respective monomeric 
units form seed crystals. Achieving the desired results via precise control of reaction 
parameters such as temperature and reaction timing is challenging. The second step is 
nanocrystal growth, which usually takes place at lower temperatures. Depending on the 
crystal structure of the seed crystals and by controlling the growth parameters, colloidal 
nanocrystals of different sizes and shapes can be formed in the second step. Cooling the 
solution arrests the growth process. Choice of solvent, temperature, reaction time, capping 
agent (to prevents agglomeration), and reactants offer a wide parameter tool used to tune the 
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1.1.1 Synthesis methods used for semiconductor nanocrystals 
 
            The wet-chemical methods for synthesis of semiconductor nanocrystals can be 
divided into three categories, depending on the reaction medium: (i) room temperature 
methods in aqueous media, either in the presence of stabilizers or within inverse micelles; (ii) 
reactions at higher temperatures in organic solvents of hydrophobic or amphiphilic nature; 
(iii) synthesis at the oil–water interface. A variant of method (ii) is the solvothermal 
synthesis, which relies on applying high pressures in a sealed autoclave by heating the 
solvents above their boiling point. This method has been employed for the synthesis of group 
III nitride nanocrystals, whose preparation by conventional methods at standard pressure is 
difficult.
30-34
 Among other reaction media, ionic liquids
35
 and supercritical fluids
36
 have also 
been employed for nanocrystal synthesis. 
          Nanocrystal formation takes place in homogenous aqueous solutions containing 
appropriate stabilizers of surfactant or polymer.
37, 38 
The latter acts as a capping agent by 
binding to the NC surface and stabilize the particles via steric hindrance and/or electrostatic 
repulsion. In parallel to this single phase synthesis, a bi-phase technique has also been 
developed, which is based on the arrested precipitation of nanocrystals within inverse 
micelles.
39-42
 Here nanometre-sized water droplets are stabilized in an organic solvent using 
an amphiphilic surfactant. They serve as nano-reactors for the NC growth and prevent the 
particle aggregation. 
          Both methods provide relatively simple experimental approaches using standard 
reagents at room temperature reactions and were of great importance for the development of 





), aqueous synthesis is either the only or at least the best preparation method 
reported until now. On the other hand, the samples prepared by these synthetic routes usually 
exhibit size dispersions on the order of 15% or more and therefore post-synthetic size-
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selective precipitation is needed. Recently Li and coworkers reported another bi-phase 
preparation method, also called liquid – solid – solution (LSS) method.48 Here metal and 
chalcogenide precursors are reacted in an ethanol water mixture in the presence of fatty acid 
stabilizers.
49
 In 1993 a novel high temperature synthesis method in organic solvents with high 
boiling point yielded nearly monodipserse (s < 10%) CdS, CdSe and CdTe nanocrystals 
without size fractionation.
50
 This is still the best method for achieving high quality 
semiconductor nanocrystals. 
 
1.1.1.1 Synthesis of semiconductor nanocrystals from single-source molecular   
precursors (SSPs) 
 
            Single-source molecular precursors are essentially individual molecules that contain 
all elements required in the final material and contain a pre-determined metal-ligand linkage 
(e.g. metal-carbon for metal carbides, metal-oxygen for metal oxides, metal-sulfur for metal 
sulfides, etc.). A single-source precursor route for the synthesis of nanocrystals offers 
advantages over a multiple precursor technique. First of all, it is a “one-pot” synthesis 
technique, comparable to MOCVD (metal-organic chemical vapor deposition) which requires 
simpler equipments and methods of fabrication.
51, 52
 Additionally, intimate mixing of 
materials at the molecular level prevents formation of mixed phases or non-ideal 
stoichiometry in the final product.
53-55
 The presence of bridging organic ligands prevents 
material segregation and imparts certain unique structural features such as connected 
channels, low density, higher surface area or formation of a metastable phase.
56-58
 
        In the mid 1990s, O’Brien and coworkers developed a single-source precursor route that 
eliminated the problem of dealing with air-sensitive organometallic starting materials. 
59-61
 
They effectively synthesized a number of semiconductor nanocrystals from carbamate-based 
metallo-organic compounds. A general formula for their precursors is (RR’NCE2)2M where 
M denotes a divalent metal, E = S or Se, and R/R’ represent typical alkyl groups. To get MS 
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or MSe particles, the desired precursor was dissolved in tri-n-octylphosphine oxide and 
pyrolyzed at 200 °C to 300 °C. 
 
1.1.1.2 Microwave assisted synthesis of semiconductor nanocrystals  
 
            Microwave-assisted liquid phase routes towards semiconductor nanocrystals another 
emerging synthetic protocol. In contrast to the non-hydrolytic colloidal synthesis of 
nanocrystals,
62
 microwave heating are generally performed in aqueous media. For example, 
water dispersible ZnSe quantum dots with quantum yields of 17% were obtained in water by 
reacting ZnCl2 with NaHSe in the presence of 3-mercaptopropionic acid as stabilizer.
63
 The 
high luminescence was attributed to the sulfur ions released from the stabilizer and that form 
a ZnSe(S) alloy shell on the surface of the ZnSe nanocrystals. Enhanced photoluminescence 





nanocrystals. There are also reports on microwave route towards self-assembled ZnS 
nanoballs,
66
 CdSe nanoparticles with narrow photoluminescence emission in aqueous 
dispersion,
67
 alloyed CdSe–CdS quantum dots,68 or CdTe nanocrystals.69Gedanken and 
coworkers have synthesized many  semiconductor nanocrystals, including aqueous (e.g., II–
VI binary chalcogenides such as CdSe, PbSe, and Cu2−xSe),
70
 as well as in non-aqueous 
systems.  The polyol based synthetic route has given us access to a large variety of binary 




























 Dimethylformamide (DMF) in combination with alkylamines was used for the 
preparation of ZnS nanorods and nanowires, ZnSe nanowires, and CdSe nanorods.84 
Murugan et al. studied the formation of CdS nanocrystals by reacting cadmium sulfate 
with thiourea in water and in different organic solvents such as ethanol, ethylene diamine 
and ethylene glycol.85 The type of solvent determines the morphology of the particles 
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(spherical or rod-like), whereas the molar ratio of Cd to thiourea influenced the crystal 
structure (hexagonal or cubic).       
 
1.2 Semiconducting polymers   
 
        Semiconducting polymers possess conjugated π-electron system, resulting in high 
mobility of positive and negative charge carriers along their backbone. They generally have 
strong visible light absorption, high electrical conductivity, low ionization potential and large 
nonlinear optical responses. Currently, semiconducting polymers represent the most widely 
investigated class of materials. Their advantage is the inherent flexibility and solution 
processibility combined with metal like electrical conductivity. 
          Since the discovery of electrical conductivity in polyacetilene
86
 by the 2000 Nobel 
laureates, H. Shirakawa, A. G. MacDiarmid and A. Heeger in 1977, research on conducting 
organic macromolecules became an increasingly active field. The next major break-through 
in the area of conducting polymers occurred in 1990 after the discovery of 
electroluminescence of poly(p-phenylenevinylene)
87
 (PPV) by R. H.  Friend and A. Holmes, 
which opened the door to the development of now famous organic light emitting diodes 
(OLED). However, PPV was insoluble in common organic solvents and required special 
processing techniques to produce a conjugated film for device application. In 1991 Heeger 
and coworkers at the University of California, Santa Barbara announced the application in 
OLED of a soluble derivative of PPV, namely, poly(2-methoxy-5-(ethylhexyloxy)-1,4- 
phenylenevinylene) (MEH-PPV).
88
 MEH-PPV offered the advantage of being soluble in most 
organic solvents due to its dialkoxy side chain. However, it is also susceptible to 
photooxidation which reduced commercial use. The potential application of semiconducting 
polymers in ultrathin, full-color, flexible displays and general lighting has made OLEDs the 
subject of intense academic and industrial research ever since, and impressive technological 
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and scientific progress has been achieved in this field.
89-91
Besides OLEDs, these fascinating 
materials have found applications in organic thin film transistors, solar cells, memory 
devices, chemo- and biosensors. 









 and polyfluorenes 
(PF).
99
















Figure 1.2. Chemical structures of some representative conducting polymers 
              Electronic, spectroscopic and redox properties of conducting polymers are controlled 
by the position of their respective HOMO and LUMO levels, which also define their band 
gap. These parameters are very crucial for their application as active components of hybrid 
(conducting polymers/inorganic nanocrystals) materials used in photovoltaic devices. In such 
materials, efficient exciton dissociation and charge separation, which determine the 
efficiency of a photovoltaic device, can occur at the interface between polymeric and 
nanocrystal phases, provided that the energy levels of the nanocrystals and the polymer are 
properly aligned. In particular the LUMO level of the acceptor must be situated below the 
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LUMO level of the donor. The same applies to the HOMO levels. The resulting staggered 
energy levels configuration assures an effective charge separation. Therefor, tuning of these 
levels is therefore of extreme importance in developing new materials for hybrid photovoltaic 
devices. 
            The exact positions of the HOMO and LUMO levels are also influenced by several 
factors in molecular and supramolecular level; one of them is the regioregularity. In cases 
where unsymmetrical monomers are used and the applied polymerization methods are not 
regiospecific, nominally the same polymers may differ in their properties. Poly(3-
hexylthiophene), P3HT— one of the most popular organic semiconductors used in 
photovoltaic cells and field-effect transistors can be taken as an interesting example. The 
positions of the HOMO and LUMO levels strongly depend on the polymer regioregularity. 
The degree of regioregularity not only affects the band structure but also strongly influences 
the charge carrier mobility in the devices. The latter is several orders of magnitude lower for 
non-regioregular polymers as compared to those showing high regioregularity.
100
 Finally, the 
lack of regioregularity makes the formation of an ordered supramolecular structure more 
difficult and therefore this parameter should be strictly controlled. 
             From the technological point of view solution processibility of semiconducting 
polymers is of crucial importance. Low molecular weight organic semiconductors can be 
vapor deposited, but the macromolecular nature of conjugated polymers excludes this type of 
processing. Solution processing has several important advantages in the fabrication of 
organic electronic devices, among them is the possibility of applying common solution based 
printing and patterning techniques, easily adaptable to large surface substrates. Since 
presently fabricated semiconductor nanocrystals are solution processablesuch methods can be 
applied to the fabrication of hybrid electronic devices. In semiconducting polymers the 
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solubility is usually induced by the presence of flexible alkyl as well as alkoxy groups. 
Regiochemistry must be strictly controlled in this case since inappropriate distribution of the 
solubilizing side groups may drastically perturb the main chain conjugation.
101, 102
 
Conducting polymers containing basic sites can also be solubilized via complexation with 
Brønsted or Lewis acids. 
              Despite above-mentioned limits, one notes that modern synthetic polymer chemistry 
offers several solutions leading to semiconducting polymers with the desired macromolecular 
and supramolecular parameters and improved processibility. When exploring synthesis 
pathways to conducting polymers, suitable for organic electronic applications, two simple 
principles should be kept in mind: (i) electron withdrawing moieties, present as side groups 
or as inherent parts of the conjugated main chain, lower the LUMO level of the polymer and 
(ii) side or main chain groups of electron donating properties raise the HOMO level of the 
polymer. 
               These principles are used in the synthesis of low band gap semiconducting 
polymers, which are especially suitable for applications in photovoltaics since their 
absorption bands extend towards the red and infrared spectral range. For this reason they 
better match the solar spectrum whose maximum flux intensity corresponds to 1.77 eV (ca. 
700 nm). 
            Generally low band gap, high molecular weight conducting polymers are copolymers, 
preferably alternate copolymers. They are obtained via oxidative, Yamamoto or Kumada 
coupling of a designed monomer containing electron-donar and electron-acceptor.  For 
donor-acceptor type of conducting polymer, Suzuki polycondensation along with Heck 
coupling are employed to synthesize versatile polymers backbone. 
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Figure 1.3. Existing synthetic procedure for synthesis of conducting polymers. 
 
1.3 Conducting polymers based hybrids 
        Inorganic-organic hybrid materials are prepared by physical or chemical blending of the 
organic and inorganic components resulting in desirable or synergistic physicochemical 
properties not found in their individual components. It should also result in a single-phase 
material that is stable, compared to simple blend of the two components, which are generally 
prone to phase separation. Controlling the size, composition, and structure of these hybrid 
materials at the nanoscale level allows these novel synergistic properties and even new 
phenomena to be observed with each individual hybrid system. Mechanically rigid, 
electronically active inorganic units combined with flexible, easily functionalizable organic 
units allow broad processability and wide applications. Thus, inorganic-organic hybrid 
materials with different functional groups, chemical composition, and structures should be 
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             Given the complementary properties of organic and inorganic materials, it is indeed a 
unique challenge to fabricate inorganic-organic hybrid nanomaterials that can have novel and 
synergistic electro-optical properties and functions of both. The synergic effect of preparing 
hybrid materials is not only the sum of the properties of organic and inorganic materials 
blends but also overcoming the limit of each component and achieving enhanced properties 
as novel materials. Through a rational design and optimization, it is possible to overcome the 
drawbacks for a particular processing and device applications. 
               Nanostructured materials are mainly prepared by “top-down”, “bottom-up”, or 
“hybrid top-down bottom-up” processes. Typically, a “top-down” method of breaking down 
macrosized bulk materials into nanosized materials has been the traditional route to prepare 
nanostructured materials, On the other hand, “bottom-up” method is based on designing and 
building up microsized or nanosized modular components.
105
 Because of the limits of the 
“top-down” approach, such as crystallographic damage and uncontrollable defects, and the 
limits of the “bottom-up”, such as fabrication problems, the hybrid “top-down bottom-up” 
process, which combines both approaches, is used to fabricate heterogeneous nanostructures. 
In a “top-down” approach, it can be done through laser ablation, selective etching, e-beam 
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Figure 1.4. Preparation of nanostructured materials through the “bottom up” and the “top-
down” method. 
 
 However, it is difficult to achieve homogenous and proper size dispersion of the components 
in hybrid materials through this route; it is much less dispersed uniformly in a host matrix of 
either organic or inorganic components. Because of enthalpy reasons, aggregation of one 
component is normally observed and a homogeneous dispersion becomes difficult to achieve. 
To improve the homogeneity of these hybrid materials, a “bottom-up” method is used.105 The 
sol-gel colloidal method is an example of a “bottom-up” and “wet chemical synthesis” 
modular method where controlling the structures and optoelectronic properties of hybrid 
materials can be designed from desired size, shape, composition, and structures. In this route, 
the method of preparing hybrid materials can be improved by optimizing colloidal synthesis 
parameters, allowing greater control in the property of these materials, even at the nanoscale 
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1.3.1. Inorganic-organic hybrids from semiconductor nanocrystals and          
          conducting  polymers 
 
          A large number of research work on the preparation of conducting 
polymers/semiconductor nanocrystals hybrid materials have been carried out in the past few 
years. Taking into account the diversity of chemical constitution of both components, the 
preparation methods reported in the literature significantly differ since they are usually 
adjusted to a given polymer/nanocrystal conjugate.  
1.3.1.1 Synthesis protocols for the preparation of inorganic-organic hybrids 
A) Simple blending/mixing of non-functionalized conducting polymers with nanocrystals.  
            The preparation of nanostructured inorganic - organic hybrid from unmodified 
components is not trivial. Simple casting from a common solvent leads to phase separation of 
the components on a micrometre scale.
118
 This phenomenon originates from two reasons: (i) 
nanocrystals capped with initial capping molecules, such as oleic acid, oleylamine, TOPO, 
stearic acid, hexadecylamine and others, have a strong tendency to form densely packed 
agglomerates or even highly ordered supercrystals upon solvent evaporation;
119, 120
 (ii) 
solidification of conducting polymers having high regioregularity gives rise to semi-
crystalline structures, in which crystallized zones are separated by amorphous ones.
121
 As a 
result, during the processing of hybrid layers, it is extremely difficult to control the 
distribution of nanocrystals within the polymer matrix on the nanometre level. Some attempts 
to overcome this problem, using purely physical approaches, have been reported in the 
literature.
122
 During solution processing of a composite consisting of TOPO-capped CdSe 
nanocrystals and regioregular poly(3-hexylthiophene) (P3HT), they were exposed to a strong 
electrical field. In these conditions, the phase separated nanorods aligned perpendicular to the 
substrate yielding an oriented supramolecular organization. Such an electrical-field-induced 
self-assembly is favorable in various applications of hybrid materials in electronics and 
especially in case of nanocrystals with high aspect ratio.
123
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Another approach, in which the distribution and structuring of the nanocrystals within the 
polymer matrix can be strictly controlled, involves directional epitaxial solidification of the 
polymer in a suitable solvent e.g.1, 3 ,5 - trichlorobenzene. Such solidification, carried out in 
the presence of either spherical or rod-like CdSe nanocrystals, forms semi-crystalline 
polymer layers with alternative crystalline lamellar domains and amorphous interlamellar 
regions.
124
 The nanocrystals are accommodated into the amorphous polymer domains. The 
resulting supramolecular organization is therefore periodic and consists of alternating zones 
of crystalline P3HT and zones in which nanocrystals are embedded in the amorphous 
polymer matrix. 
              Xu et al. proposed a preparation method which leads to a uniform distribution of 
TOPO-capped CdSe nanocrystals on the surface of preformed P3HT nanowires.
125
 
Regioregular P3HT are known for their variety of forms, differing in their crystallinity and 
morphology. In particular its slow precipitation from p-xylene or cyclohexanone, which are 
relatively poor solvents for P3HT at room temperature but can dissolve it at higher 
temperatures, leads to the formation of nanofibers of ca. 20 nm in diameter.
126
 CdSe 
nanocrystals  self-assemble on the surface of these nanofibers in the second processing step. 
When illuminated with white light, the resulting composite shows enhanced 
photoconductivity, as compared to pristine P3HT nanowires or to P3HT/CdSe 
nanocomposites prepared by conventional blending. 
             In all the above-mentioned methods, the components were unmodified. Neither the 
polymer nor nanocrystals were functionalized. Therefore their application is very limited and 
the special processing conditions, fro each system, have to be developed. In general, 
exchanging the initial, strongly binding ligandswith suitable ligands facilitate the dispersion 
of nanocrystals in a conducting polymer matrix. In this procedure, first described by 
Greenham et al.
127
 the initial TOPO ligands are exchanged for pyridine as ligands. These 
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loosely bound ligands are supposed to be removed partially during the casting procedure, 
yielding almost ‘‘bare’’ nanocrystals stabilized by the conducting polymer matrix. The 
substitution of the initial ligands is very important for effective charge transfer between both 
hybrid components, as they contain in most cases long alkyl chains acting as an insulating 
barrier. However, this method has its inherent drawbacks, the main being the reduced 
solubility of the pyridine capped nanocrystals in common organic solvents, and the sensitivity 
of the system to even small changes in the ligand exchange and processing conditions. 
 
B) Functionalization of nanocrystal surface with anchoring groups containing 
macromolecules.  
            A more versatile and interesting method for the preparation of 
nanocrystals/conducting polymer hybrids is to functionalize the conducting polymer 
backbone with substituents containing an anchoring group that can bind to the nanocrystals 
surface. An exchange of the initial ligands for the tailor-made macromolecular ones must 
then be carried out before the final processing step. For oligomers or low molecular weight 
polymers, the anchor functions can be introduced either as terminal or as side groups. For 
higher molecular weight polymers, side groups are preferable, as with increasing molecular 
weight, the ratio of the end groups decreases, making the anchor functions less and less 
available for binding to the nanocrystal surface. Following this approach, Querner et al. 
prepared a series of solution processable oligo- or poly- (alkylthiophenes) side-functionalized 
with carbodithioic groups. For TOPO capped CdSe nanocrystals, the ligand exchange occurs 
in surprisingly mild conditions as the carbodithioic complexing group has strong binding 
affinity towards nanocrystals.
128
 Moreover the selected system has the enhanced resistance 
against photo-oxidation of the grafted carbodithioic anchoring group, which is 
technologically very important especially in solar cell applications.
129
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                  Any disturbance of regioregularity induces unfavorable; more twisted chain 
conformation and makes the formation of an ordered supramolecular structure difficult. As a 
result, a significant lowering of the charge carrier mobility and worsening of other electrical 
parameters is observed.
130, 131
 The ligand exchange approach is a very popular method for 




              Very recently Zotti et al. have synthesized a series of oligothiophene α,ω -
dicarboxylic and -diphosphonic acids as well as polythiophenes with alkylene-carboxylate or 
alkylene-sulfonate side substituents.
133
 These compounds have  been used for the preparation 
of organic-inorganic hybrid materials via ligand exchange with hexadecylamine-capped CdSe 
nanocrystals. The applied process consisted of alternating layer-by-layer (LbL) deposition of 
both constituents to build a multilayered hybrid material. 
           Comb-like, graft copolymers containing polythiophene main chain and poly(N,N-
dimethylaminoethyl methacrylate) side groups (PT-g-PDMA) have recently been synthesized 
by Wang et al. with the idea to use them as organic component in hybrid materials with CdSe 
nanorods.
134
 The presence of the PDMA arms, showing an eleven-fold lower average 
polymerization degree as compared to the main chain (60 vs. 700) and containing amine 
anchoring groups, improved the compatibility between the organic and inorganic components 
of the hybrid. 
           Advincula et al. prepared hybrids of CdSe nanocrystals and dendritic oligo- and 
polythiophenes containing phosphonic acid type anchor groups.
135, 136
 In the first step, the 
initial (TOPO) ligands were exchanged for pyridine ones and in the next step they were 
exchanged for phosphonic acid functionalized oligothiophene dendrons. The ligand exchange 
procedure has also been used for the preparation of hybrid materials consisting of 
nanocrystals and conducting oligomers or polymers other than polythiophene families. 
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Different anchor groups were tested. Sudeep et al. functionalized some oligo(phenylene 
vinylene)s with phosphine oxide type terminal groups
137
 and used for the preparation of 
hybrids with CdSe nanocrystals. Javier et al. fabricated a hybrid of CdSe nanocrystals and 
oligo-p-(phenylene- ethynylene)n with dibenzylthiol end groups. In the resulting hybrids the 
nanocrystals were separated by rigid conjugated molecular spacers of length roughly 1.3–3.1 
nm.
138
 A triblock, ABA-type copolymer containing a central polyfluorene-type conjugated 
segment linked to two poly(2-(dimethylamino)-ethylmethacrylate) blocks has recently been 
prepared with CdSe nanocrystals.
139
 Multidentate coordination assured in this case the 
stability of the formed hybrid. A PPV derivative bearing a terminal sulfide function has been 
synthesized by Chen et al. and introduced via ligand exchange on the surface of CdSe/ZnS 
nanocrystals.
140
 The obtained hybrid material was tested in a light-emitting diode (LED) 
configuration showing enhanced efficiency compared to the pristine polymer. 
              In the preparation of inorganic-organic hybrids, the nanocrystals are capped with 
functionalized short conjugated ligands. Such pre-coating facilitates, further helps in the 
dispersion of nanocrystals in polymer matrices consisting of non-functionalized conducting 
polymers. This approach has recently been demonstrated by the preparation of a hybrid of 
poly(3,300-dioctyl-2,200:500,200-terthiophene) and CdSe nanocrystals, which had pretreated 
with carboxylic acid functionalized dioctyl-2,200:500,200-terthiophene. The resulting hybrid 
materials showed a uniform distribution within the polymeric matrix.
141
 On the other hand, 
the use of TOPO-coated CdSe nanocrystals with the same polymer results in a strong, 
inhomogeneous phase separation. 
C) Preparation of nanocrystal/polymer hybrids via co-operative interactions.  
             It is well known that phase separation is one the major problems in case of the 
semiconductor nanocrystals/conducting polymers based hybrids. However, this phenomenon 
can be resolved by creating specific interactions between the nanocrystals surface ligands and 
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the conducting polymers. Under such circumstances we can expect a homogeneous 
distribution of the nanocrystals in the polymer matrix.  Supramolecular chemistry concepts 
become helpful in this respect. Rotello and coworkers first developed and exploited the 
molecular recognition approach in the preparation of inorganic-organic hybrids of metal 
nanoparticles and conventional polymers and more specifically in the molecular level 
processing of hybrids of diaminotriazine functionalized poly(styrene) and thymine-capped 
gold nanoparticles.
142,143 
Here molecular recognition between the complementary functional 
groups assured the uniform distribution of the inorganic component within the organic  
polymer matrix. The same strategy has been used for the fabrication of layers of self-
assembled semiconductor nanocrystals on appropriate electrodes
144
 as well as for selective 
immobilization of metal nanocrystals on functionalized surfaces.
145
 Later, the concept of 
molecular recognition was extended to the design and preparation of conducting polymers/ 
semiconductor nanocrystal hybrids. De Girolamo et al. designed a solution processable 
regioregular poly (alkylthiophene) derivative containing diaminopyrimidine side groups, 
namely poly(3-hexylthiophene-co-3-(6-oxy-2,4-diaminopyrimidine) hexylthiophene) (P3HT-
co-P3(ODAP)HT).
146
 The functionalized polymers were able to interact with 1-(6-
mercaptohexyl)thymine (MHT) capped CdSe nanocrystals via  hydrogen bonding.  
            Direct formation of P3HT-co-P3(ODAP)HT/CdSe(MHT) hybrids was difficult 
because of lack of a common solvent for the polymeric and nanocrystalline components. To 
overcome this problem an alternative processing technique was developed. 
147
 It consists of 
the preparation of a chloroform solution of the molecular conjugate of P3HT-co-
P3(ODAP)HT and MHT, to which a chloroform solution of stearate-capped CdSe 
nanocrystals is added. Exchange of the stearate ligands for the conducting polymers, 
occurring in situ, followed by casting and slow solvent evaporation results in the formation of 
a molecular hybrid material which helps to achieve highly uniform distribution of the 
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nanocrystals within the polymer matrix. 
            Non-covalent interactions such as electrostatic ones, has recently been exploited by 
Wang et al. in the fabrication of a film of a hybrid material consisting of CdSe nanocrystals 
and a water-soluble polythiophene derivative.
148
 In this case CdSe nanocrystals were 
functionalized with 11-mercaptoundecanoic acid (MUA) prior to their self-assembly with 
side-chain-functionalized polythiophene, i.e. poly(3-(3-thienyloxy)propyltrimethyl  
ammonium bromide) (P3TOPA). Lutich et al. reported the preparation of hybrid materials 
from a water-soluble fluorine and phenylene copolymer, namely poly[9,9-bis(30-
[(N,Ndimethyl)- N-ethylammonium]-propyl)-2,7-fluorene-alt-1,4-phenylene] dibromide 
(PDFD), and thioglycolic acid capped CdTe nanocrystals.
149
 Chou et al. exploited non-
covalent, π–π interactions for preparing hybrids consisting of thiophenol-capped CdS 
nanocrystals and a poly(fluorene) derivative of dendritic structure, with the goal to improve 
the miscibility between both components.
150
 
D) “One pot” synthesis of nanocrystals in conducting polymer matrices: 
                In situ growth of semiconductor nanocrystals within the polymer matrix can be 
considered as another way to obtain intimate inorganic-organic hybrids of nanocrystals and 
conducting polymers. This approach differs from all the method described previously, but it 
helps to overcome the problem of finding a common solvent during the hybrid processing. 
The principle of this approach is based on the dissolution of the nanocrystals precursor in a 
solution of the polymer, and in situ growth of the nanoparticles in the polymer. The polymer 
chains enable the stabilization of the nanocrystals and passivation of their surface states. This 









 The work of Liao et al. can be considered here as an 
example of this approach.
163
  CdS nanorods directly grown using a P3HT template, the sulfur 
atom of the thiophene ring giving an anchoring site for the nucleation of the nanocrystals 
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(Fig. 1.5). Using this hybrid material, the authors have prepared solar cells, which showed a 












1.4 Characterization of conducting polymer/nanocrystal inorganic-organic hybrids 
1.4.1 Composition analysis 
             Hybrids of conjugated polymers and inorganic nanocrystals are complex materials 
whose properties depend on molecular parameters of the polymeric component and on it 
molecular mass and size distribution. Shape, size and its distribution as well as the 
stoichiometry of the nanocrystals with respect to the host polymer must also be taken into 
account. Finally, the supramolecular assembly of the hybrid and its hierarchical nature must 
be analyzed. So the detailed characterization of hybrids requires the use of several 
complementary techniques. The ligand exchange induced changes in the composition of the 
organic part of the hybrid can be determined by classical elemental analysis as well as by 
various instrumental methods. Elemental analysis gives us useful information in cases where 
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a characteristic element can be found in the new ligand, which is not present initially or vice 
versa. More frequently, the verification of the degree of ligand exchange is carried out by 1H 
NMR spectroscopy through the integration of the peaks corresponding to the initial ligands 
and the exchanged ones.
164
 The NMR peaks of the capping ligands in colloidal solutions of 
nanocrystals are somehow broadened, as compared to those registered for the corresponding 
‘‘free’’ ligands, because of the limited molecular mobility of the molecules coordinated to the 
nanocrystals’ surface. However, in the majority of cases this phenomenon does not perturb 
the determination of the ligands’ relative ratio.165 UV-vis spectroscopy can also be used in 
ligand exchange investigations provided that the molar absorption coefficient of the known 
peaks, selected for the initial and the exchanged ligands, is available. Furthermore, FTIR 
spectroscopy gives qualitative information about the success of ligand exchange since a large 
number of surface ligands contain clear IR diagnostic bands, originating from anchoring 
functions such as amine or carboxylate groups. 
1.4.2 Determination of the relative HOMO and LUMO levels in the inorganic-organic 
hybrid system. 
1.4.2.1 UV-Visible spectroscopy measurements: 
            As we have mentioned earlier, the application of hybrids in electronics requires the 
determination of the HOMO and LUMO levels of their organic and inorganic components 
since their alignment determines their possible applications. The energy difference between 
ELUMO - EHOMO of the hybrid components can be determined from the UV-vis spectroscopic 
data.
166, 167
 It should be determined for each components separately, since interactions with 
nanocrystals are known to influence the conformation of the conducting polymers after their 
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1.4.2.2. Cyclic voltammetry: 
             Optical studies gave access to the value of the ELUMO-EHOMO energy difference but do 
not provide information concerning the position of these levels with respect to the vacuum 
level. HOMO and LUMO of a system can also be determined electrochemically since both 
components of the hybrid are electrochemically active. Their voltammograms gave a clear 
anodic wave upon their oxidation and a cathodic one upon their reduction. Using the 
oxidation and reduction wave onsets we can calculate the HOMO and LUMO levels. 
               In most of the cases the electrochemically determined ELUMO - EHOMO energy 
difference is very close to that measured optically. By both methods the quantum 
confinement effect, characteristic of nanocrystals, is evidenced.
169, 170
 Also in conducting 
polymers the optically and electrochemically determined ELUMO - EHOMO energies usually 
agree, although there exist cases where the recorded optical transition of the lowest energy 
does not reflect the HOMO to LUMO transition. This can happen in donor– acceptor type 
polymers where the HOMO and the LUMO orbitals may be located on different chemical 
moieties. Thus, the comparison of the spectroscopic and electrochemical data must be treated 
with caution. 
1.4.3 Photoluminescence quenching in inorganic-organic hybrid system. 
         Almost all of the colloidal semiconductor nanocrystals as well as conducting polymers 
are photoluminescent. In most examples of inorganic - organic hybrids, prepared either by 
ligand exchange or by grafting of a conducting polymer to a linker ligand, the luminescence 
is quenched via charge and/or energy transfer due to the relative energy level alignment.
171,172
 
Effective fluorescence quenching is especially important in hybrids when they are used as 
components of photovoltaic devices and can be considered as a manifestation of the exciton 
dissociation phenomenon in hybrid systems showing a staggered (type II) energy band 
alignment. The ligand exchange induced quenching can be followed in a titration experiment 
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where small aliquots of the conducting polymer solution are added to a colloidal solution of 
the nanocrystals containing the initial ligands or vice versa. Data of the photoluminescence 
spectra after each addition allows, after their normalization, the determination of the degree 
of quenching as a function of the nanocrystals to conducting polymer ratio.
173, 174
 The 
quenching can also be considered as an indirect method of measuring the effectiveness of 
ligand exchange. 
 
1.5 Technological relevance: Non linear optical (NLO) property 
           
          Due to ever increasing uses of the laser and the growth of laser tracking techniques, the 
need for an effective optical limiting system to protect human eyes and sensors is increasing 
every passing day. The essential requirements for optical limiting materials are high linear 
transmission (T0), low turn-on threshold (FTh, defined here as the fluence where T(F) = 
T0/2), high damage threshold, and large pulse energy suppression (S), which should be 
achieved over a wide spectral and temporal dynamic range (where S is defined as the 
reciprocal of nonlinear transmittance, TF, just before the damage threshold). A figure of merit 
(FOM) for evaluating the pulse suppression performance of an optical limiter is defined here 
as FOM = T0S = T0/TF. Various third-order nonlinear processes, including nonlinear 
scattering, thermal nonlinearity, and nonlinear absorptions, have been utilized as potential 
passive optical limiting mechanisms due to their self-action nature. Research involving 
optical limiting started in the late 1960‟s by Geusic et al.175 and Ralston et al.176 with three-
photon nonlinear absorption in inorganic semiconductors. In the early 1980‟s, organic 
materials were found to be new candidates in optical limiting systems. Van Stryland et al. 
demonstrated this at 1064 nm using self-focusing in CS2 liquid to induce thermal 
nonlinearities and breakdown at high input fluences
177
. Blau et al.
178
, Perry et al.
179
 and Shirk 
et al.
180
 then utilized reverse saturable absorption, an effective third-order nonlinear response 
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or χ(1): χ(1) process, in metal-centered porphyrin and phthalocyanine molecules. In 1995, 
Cha and Heeger et al.
181 
first demonstrated the use of a fullerene-doped conjugated polymer 
poly(3-octyl thiophene), P3OT which shows enhance the nonlinear absorption via photo-
induced charge transfer along with  free carrier absorption. Until this point, the performance 
of most optical limiting systems was hindered by operating at wavelength regions in the 
vicinity of one-photon absorption causing loss due to strong linear transmission. Perry and 
Marder et al.
182, 183
 and Prasad et al.
184,185
 initiated a series of studies developing organic 
conducting polymers with large two-photon absorption cross sections. Furthermore, several 
demonstrations of enhanced optical limiting were achieved via two-photon absorption 
followed by subsequent excited state absorptions. Taking advantage of two-photon 
absorption, such optical limiting systems successfully retained higher linear transmittance at 
low input fluence than their one-photon absorption counterparts (Figure 1.6).  
 
 
Figure 1.6. (Above) Linear (left) and nonlinear (right) interactions of waves and the media. 
(Below) Energy band diagram of linear (left) and nonlinear optics (right) 
 
 
Pradipta Sankar Maiti 
  National University of Singapore 
 
 29 
      In addition to the many efforts spent on developing new nonlinear absorbing materials via 
molecular engineering
183, 186, 187
, Perry et al.
188
 and Van Stryland et al 
189
 investigated the use 
of multi-component optical limiting systems could also significantly improve the pulse-
suppression capability. A tandem optical limiting system comprised of a nonhomogeneous 
distribution of nonlinear absorbing materials (blend films of indium phthalocyanine and 
polymethyl methacrylate) achieved 700X suppression of nanosecond pulses at 532 nm.
188 
 
 1.6 Summary and Scope of this Thesis: 
           Currently we are witnessing an explosion of novel ideas and strategies for fabricating, 
manipulating, visualizing and exploring structures of materials andapplication in 
nanodimensions. Nanostructured materials are important owing to the availability of new 
properties that are simply not present in bulk materials, which result from (1) high surface 
area (large surface-to-volume ratio), (2) novel intrinsic properties due to quantum size effects 
or shape (high aspect ratio and reduced dimensionality), and (3) intimate nanoscale 
connectivity conferring directionality and minimizing losses in energy transport. Research on 
hybrids consisting of semiconductor nanocrystals in a matrix of conducting polymers was 
originally motivated by the appealing possibility of combining in a synergistic way two 
individually tunable semiconductors with complementary properties. In particular, 
conducting polymers provide solution processibility in the form of thin films on large and 
flexible substrates, while semiconductor nanocrystals exhibit exceptional optical and 
electronic properties, which can be easily adjusted with size and composition. Among the 
possible applications of hybrids, solar cells and photodetectors have been mostly investigated 
so far. The majority of reported results concern n-type cadmium chalcogenides in 
combination with poly(phenylene vinylnene) or  poly(alkylthiophene) derivatives. Motivated 
on the one hand by environmental and toxicological issues and on the other hand by the lack 
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of covering a spectral range above 800 nm, several novel nanocrystals/conducting polymer 
hybrids have been developed during the last few years. Due to the different electronic 
properties of these novel compounds, new series of polymers will have to be used in order to 
obtain the desired energy band (or HOMO – LUMO level) alignment of the organic and 
inorganic semiconductors. Moreover, better matching of the solar spectrum by conducting 
polymers’ absorption spectra is still possible. Although the building block approach and the 
donor–acceptor concept significantly contributed to the preparation of several dozens of low 
band gap polymeric semiconductors, this synthetic pathway is still far from being exhausted.  
        In this dissertation we are going to use thermal decomposition of air stable single source 
precursors (SSPs) to synthesize semiconductor nanocrystals in presence of a series of newly 
synthesized conjugated polymers having wide range of band gaps. We are also going to 
explore the conventional heating as well as microwave heating in order to investigate the 
effect of such experimental parameters   on structure - property relationship in the inorganic – 
organic hybrid system. This approach will help us to achieve easily processable and large 
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, short-wavelength laser diodes
8
 and luminescence devices
9
, 
owing to their nonlinear optical properties, quantum size effects and many other excellent 
chemical and physical properties. Such nanocrystals are known to have large non-linear 
susceptibility and small relaxation time of photo carriers and they are widely studied for 
optical bistability, optical computing and optical phase conjugation.
10-12
 Semiconductor 
nanostructures (1D nanorods) have drawn more attention in recent years compared to their 




        It has been postulated that the nonlinear optical properties in semiconductor nanocrystals 
arises from different physical mechanisms. Nonlinear absorption at discrete frequencies may 
be attributed to the saturation of optical transitions in 1D and 0D structures by non-
equilibrium carriers and by the phase-space filling of excitons
18
. When the nanocrystals are 
excited with energy greater than their band gap energy, processes such as free carrier 
absorption, trapped state absorption along with multiphoton absorption are believed to be 
underlying physical phenomena behind nonlinear absorption.
19, 20
 It is observed that the 
surface properties strongly effects optical processes such as intraband and excited state 
relaxation
21
 and play an important role in nonlinear optical response.
19
 Recently, researchers 




       CdS nanocrystals and CdS-polymer composites showed large nonlinear optical responses 
along with two-photon absorption saturation.
23, 24
 Also CdS nanocrystals embedded polymer 
network can provide interesting material for optical switching application.
19
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        In this chapter, successful synthesis of CdS semiconductor nanorods in presence of 
benzothiadiazole incorporated semiconducting copolymers at relatively moderate temperature 
using a single source precursor (SSP), Cadmium diethyldithiocarbamate, Cd(DDTC)2 is 
reported. Our interest in this type of materials originates from the fact that a material with 
both a high PL efficiency and interesting optical limiting properties is rare and the method 
provides an unprecedented opportunity to design new materials in which CdS/polymer 
nanohybrids having specific optical and electronic properties are combined to create tailor-
made hybrid materials for specific device applications. Here, we have investigated the 
nonlinear optical response of the in situ grown CdS nanorod-benzothiadiazole hybrids using 
z-scan method.  












2.2. Experimental Section 
 
2.2.1. Materials and Methods 
         All reactions were carried out under inert atmosphere (Nitrogen), unless specified 
otherwise. Reagents were purchased from Aldrich, Fluka or Merck and used without further 
purification unless otherwise stated.  Reactions were carried out with freshly distilled 
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anhydrous solvents under inert atmosphere.  Tetrahydrofuran (THF) was purified via 
distillation over sodium under nitrogen atmosphere. 
        
1
H and 13C NMR spectra (300MHz) were collected on a Bruker AMX 300 
spectrometer.  FT-IR spectra were recorded on a Bio-Rad FTS 165 spectrophotometer using 
KBr as matrix.   The UV-vis spectra were measured on a Shimadzu 3101 PC 
spectrophotometer and fluorescence measurements were carried out on a RF-5301PC 
Shimadzu spectrofluorophotometer.   Thermal properties of the polymers were investigated 
by thermogravimetric analysis (TGA), using a SDT 2960 TA instrument at a heating rate of 
10 deg/min under nitrogen.  Powder X-ray pattern were obtained with a D5005 Siemens X-
ray diffractometer with Cu Kα (1.5 Å) radiation (40 kV, 40 mA), thin film of the hybrid 
samples were mounted on a sample holder and scanned between 2θ = 20o and 80o.  The gel 
permeation chromatography (GPC) measurements were performed to obtain molecular 
weight of polymer with reference to polystyrene standards at room temperature using THF 
(HPLC grade) as the eluent.  The molecular weights and molecular weight distributions were 
calculated based on monodispersed polystyrene standards. The electrochemical behavior of 
the polymers was investigated with cyclic voltammtery (CV) and cyclic voltammograms 
were recorded with a computer controlled μ-Autolab type II potentiostat/ galvanostat 
controlled by the Autolab GPES software version 4.7 at a constant scan rate of 100 mV/s.  
Measurements were performed in an electrolyte solution of 0.1 M 
tetrabutylammoniumhexaflurophosphate (Bu4NPF6) dissolved in dry acetonitrile.  An 
undivided three-electrode configuration cell was used with a platinum disk as working 
electrode, platinum wire as the counter electrode, and Ag/Ag
+
 as the reference electrode.  The 
polymer dissolved in chloroform was drop casted onto the platinum disk electrode to form a 
thin film, and was dried in a vacuum oven before being inserted into the cell.  Transmission 
electron microscopic (TEM) images were captured in JEOL JEM - 2010 instrument operating 
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at 200 KeV. EDX analysis was performed in JEOL JEM-3010 equipped with Oxford 
Instruments detector. The samples for TEM studies were prepared by evaporating a few 
drops of solution on carbon coated copper grids of 400 mesh sizes. 
2.2.2. Synthesis 
         The general synthetic scheme towards the target polymers (P1 - P4) is mentioned in 
Scheme 2.  9, 9’-didecylfluorene-2,7-diboronic acid25 (2) 1,4-bis(dodecyloxy phenyl)2,5-
diboronic acid
26
 (3), were synthesized following the reported procedure.   
Representative synthesis procedure for the polymers P1 - P4.  Dibromo compounds and 
corresponding diboronic acids were dissolved in of dry THF (30 mL) under N2. To the 
solution K2CO3 (aq) (2.0 M, 20 mL; N2 bubbled before use), Pd(PPh3)4 (0.23 g, 0.20 mmol) 
were added, and small amount of  phase transfer catalyst CTAB. After the mixture was 
stirred for 3 days at 80 °C, the solvent was removed under reduced pressure. The resulting 
solid was dissolved in a small amount of chloroform and reprecipitated with large excess of 
methanol.  
P1:  Yellow Solid.  Yield 73%.  
1
H NMR (CDCl3, 300 MHz, δ, ppm):  7.5 - 7.7 (6H, b, 
Fluorene), 7.4 (2H, b, Ar-H), 2.1 (4H, b, CH2), 1.51 - 1.68 (10H, b, CH2), 1.12 - 1.46 (28H, b, 
CH2), 0.82-0.88 (12H, b, CH3). FT-IR (KBr, cm
-1
):  3467, 3066, 2923, 2851, 1607, 1503, 
1465, 1385, 1282, 1212, 1119, 1069, 1028, 878, 846, 792, 721, 695, 540. 
P2:  Red solid.  Yield 65%.  
1
H NMR (CDCl3, 300 MHz, δ, ppm):  7.66 (4H, b, benz-H), 
7.55 (2H, s, Ar-H), 7.32 - 7.39 (4H, b, Ar-H), 4.18 (4H, b, OCH2), 1.84 - 1.96 (4H, b, CH2), 
1.51 - 1.68 (10H, b, CH2), 1.12-1.46 (28H, b, CH2), 0.82 - 0.88 (12H, b, CH3).  FT-IR (KBr, 
cm
-1
):  3436, 3067, 3023, 2917, 2848, 1597, 1545, 1486, 1467, 1405, 1385, 1284, 1210, 
1069, 1030, 915, 848, 826, 791, 754, 720, 689. 
P3: Yellow green solid.  Yield: 60%.  
1
H NMR (CDCl3, 300 MHz, δ, ppm): 7.5 - 7.7 (6H, b, 
Fluorene), 7.4 (2H, b, Ar-H), 4.38 (4H, b, OCH2), 2.1 (4H, b, CH2CH2, OCH2CH2), 1.51 - 
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1.68 (10H, b, CH2), 1.12 - 1.46 (28H, b, CH2), 0.7 - 0.9 (12H, b, CH3).  FT-IR (KBr, cm
-1
):  
3446, 3066, 2921, 2850, 1600, 1482, 1465, 1385, 1288, 1211, 1153, 1024, 870, 846, 788, 
720, 691, 639. 
 P4:   Red solid.  Yield 62%.   
1
H NMR (CDCl3, 300 MHz , δ, ppm):  7.6 - 7.45 (XH, b), 
7.26-7.00 (XH, b), 4.38 (4H, b, OCH2), 4.18 (4H, b, OCH2), 1.84 - 1.96 (4H, b, CH2), 1.51 - 
1.68 (10H, b, CH2), 1.12 - 1.46 (28H, b, CH2), 0.82 - 0.88 (12H, b, CH3).  FT-IR (KBr, cm
-1
):  
3436, 3067, 3023, 2917, 2848, 1597, 1545, 1486, 1467, 1405, 1385, 1284, 1210, 1069, 1030, 
915, 848, 826, 791, 754, 720, 689.  
Preparation of Cd(DDTC)2. The preparation of air stable single-source precursor, 
Cd(DDTC)2 was carried out following previous reports.
27
 In a typical reaction for 
Cd(DDTC)2, 0.05 mol of CdCl2 and 0.05 mol of Na(DDTC) were dissolved in 100 mL of 
distilled water, separately. Then, the two solutions were mixed with stirring in a 500 mL 
beaker. After constant stirring at ambient condition for 2 h, the resulting milky white 
precipitate was filtered, washed with distilled water and methanol, and dried in air at 60 °C. 
 
 Synthesis of inorganic-organic hybrids. In a typical synthesis, 50 mg of Cd(DDTC)2 was 
dissolved in 5 ml of anhydrous 1,2-dichlorobenzene (DCB) containing 200 l of oleylamine 
under nitrogen flow. 10 mg of the polymer (P1 - P4) was added to the mixture and continued 
stirring until the entire polymer get dissolved completely.  The reaction flask is heated to 180 
°C and annealed for 30 min, and was cooled to room temperature. Excess methanol was 
added to precipitate the polymer along with nanocrystals. The product was separated and 
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2.3. Results and discussion 
 
2.3.1. Synthesis of polymers. 
 
          Polymers (P1 - P4) were synthesized using palladium-catalyzed Suzuki cross-coupling 
reaction, in presence of 5 mol% Pd(PPh3)4 as catalyst in a mixture of aqueous (2 M) 
potassium carbonate and THF (3:2v/v) under nitrogen atmosphere at 75 - 80 °C for 3 days. 
CTAB (40 mol%) was added as a phase transfer catalyst.  After completion of reaction, 
polymers were precipitated from methanol.  Resulting solid was washed with acetone and 
further purified by Soxhlet extraction.  
          The molecular weights of the polymers were measured usong gel permeation 
chromatography (GPC) with THF as eluent and polystyrene as the standards (Table 1).  The 
polymers obtained P1 - P4 were soluble in common organic solvents, such as THF, 
chloroform and toluene.  All polymers (P1 - P4) were characterized using FT-IR, 
1
H NMR, 
GPC, TGA and X-ray diffraction.  The assignments of the 
1
H NMR peaks are discussed in 
experimental section. 
 
Table 2.1 Molecular weight (Mw, Mn) and poly-dispersity index (PDI) and thermal properties 
(Td) of the polymers P1 - P4 at room temperature.  
 
Polymer Color Mn Mw PDI Td 
     P1      Yellow     2013   5233 2.5 326 




2157 5839 2.7 315 
P4 Dark red 2448 8358 3.4 265 
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a) K2CO3, THF, 3.0 mol % Pd(PPh3)4, CTAB, reflux, 3 days 
 
Pradipta Sankar Maiti 





2.3.2. Thermal Properties of the polymer P1 - P4 
           The thermal stability of the polymers was evaluated using thermo gravimetric analysis 
(TGA) at a heating rate of 10 °C/min under nitrogen flow. Figure 2.1 shows the thermograms 
of polymer P1 - P4.  All polymers showed small weight loss of less than 3% below 300 °C.  
Thermal degradation temperatures Td values are tabulated in Table 2.1. All the polymers are 
thermally stable up to 375 
o
C and the onset degradation temperatures were in the range of 
400 - 425 
o
C.  Weight loss at this transition is due to the degradation of alkyl chain 
substituents. All polymers suffered only 40 - 50% weight loss above 450 
o
C. P4 suffered 95% 
weight loss at 800 
o
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2.3.3. Absorption and Emission Spectroscopy.  
          UV-Vis spectra of polymers measured in both thin films and in solution are given in 
Figure 2. The absorption and emission properties of the polymers P1 - P4 in chloroform and 
in thin films are summarized in Table 2.2.  Transparent and uniform polymer films were 
prepared by spin casting their chloroform solution on quartz plates. Films of all four 
polymers were yellow to orange in color. P1 - P4 have two absorption maxima, 
corresponding to the –* transitions of the fluorene and benzene units (absorption at lower 
wavelength) and the benzothiadiazole moiety (absorption at higher wavelength) as shown in 
Figure 2.2. Absorption spectra of P1 - P4 in solution showed two maxima (max) one in the 
range of 300 - 320 nm and other are in the range of 440 - 470 nm. In solid state P1 and P2 
were significantly red shifted (20 nm), which may be due to aggregation. Incorporation of the 
EDOT group in the main chain polymer showed slight red shift in the max of the absorption 
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P1 441 (312) 520 463 (322) 2.28 
P2 420 (305) 535 443 (311) 2.36 
P3 447 (313) 540 476 (322) 2.26 
P4 430 (305) 568 450 (316) 2.09 
 
 
           The fluorescence emission spectra of P1 - P4 in solutions are shown Figure 2.3. 
Regardless of excitation wavelength, intense emission around 520 nm - 570 nm was observed 
in all cases. This independence of excitation wavelength might result from the spontaneous 
intra-molecular charge transfer in the donor – acceptor types such as fluorene - 
benzothiadiazole or fluorene – benzothiadiazole – fluorene - ethylenedioxythiophene 
copolymer system. Compared to the absorption spectra, a significant red shift was observed 



















             
 
Figure 2.3:  Emission spectra of the polymers (P1 – P4) in measures in diluted chloroform solution. 
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2.3.4. Electrochemical properties 
 
          Electrochemical properties of all polymers (P1 - P4) were investigated using cyclic 
voltammetry by casting the film of polymer over platinum electrode.  The studies were 
performed in a 0.1 M solution of Bu4NPF6 in acetonitrile, with a scan rate of 100 mVs
-1
 under 
nitrogen atmosphere at room temperature.  P1 and P3 exhibited similar electrochemical 
behavior. Cyclic voltammogram of polymers are shown in Figure 2.4 and their 
electrochemical data are summarized in Table 2.3.  P1 showed oxidation peak maximum at 
1.59 V, indicating the presence of radical cation with an oxidation onset potential at 1.23 V. 
A reduction peak appeared at -1.57 V.  Similarly, P2 showed maxima at 1.17 V with an 
oxidation onset potential at 0.92 V.  The corresponding reduction peaks appeared at 1.71 V.  
Polymers P3 and P4 showed single oxidation peak at 1.77 V and 1.11 V with oxidation onset 
potential at 1.14 V and 1.09 V, respectively.  Their reduction peak appeared at 1.50 V and 
1.71 V, respectively.  All polymers showed irreversible n-doping which may be due to strong 





HOMO energy levels and LUMO energy levels are summarized in Table 2.3.  HOMO and 
LUMO energy levels are calculated from oxidation and reduction potentials respectively, 
using onset potential and the empirical formula, EHOMO = - (Eox + 4.4) eV and ELUMO = - (Ered 
+ 4.4) eV .
29
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Figure 2.4: Cyclic voltammograms of the thin films of P1 (A), P2 (B), P3(C), P4 (D) on a 
platinum disk electrode in acetonitrile with 0.1 M tetrabutylammoniumhexaflurophophate as 
supporting electrolyte at scan speed of 100 mV/s at room temperature. 
 














P1 1.23 -5.63 -1.08 -3.32 2.31 
P2 0.92 -5.32 -1.07 -3.31 2.04 
P3 1.14 -5.54 -1.15 -3.25 2.29 
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2.3.5. Optical properties of the hybrids  
         Figure 2.5 shows the absorption spectra of hybrid solutions containing CdS nanorods 
and polymers P1 - P4. All the spectra appeared to be the sum of the absorption spectra of the 
constituent parts of the hybrids, with no evidence of any additional absorption peaks in the 
spectral range measured at 285 – 700 nm. The spectra of the hybrids showed significantly 
higher absorption in the UV region. Since CdS nanorods possess broadband visible 
absorption
30
, such results confirm the presence of CdS nanorods in the hybrids. 





























































































































Figure 2.5: Absorption spectra of the pure polymers, P1 - P4 in toluene and CdS nanorods 
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2.3.6. Morphological Studies  
        Transmission electron micrograph (TEM) images of the synthesized nanohybrids are 
shown in Figure 2.6. TEM images (A-D) show one-dimensional CdS nanorods synthesized at 
180 °C, with 18  5 nm in length and 4  0.5 nm in diameter with an average aspect ratio of ~ 
5. 
 
Figure 2.6:  TEM images of P1 (A), P2 (B), P3 (C) and P4 (D) and CdS/polymer hybrids at 
180
 
°C using Cd(DDTC)2 as a precursor. 
 
Representative HRTEM image is shown in Figure 2.7(A) along with the FFT image. Lattice 
spacing calculated from FFT gave a value of 0.33 nm, which corresponds to the inter-planar 
distance (002) planes of hexagonal CdS nanorods. The EDX spectrum gives strong peaks for 
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cadmium and sulfur. The wide-angle X-ray diffraction pattern of the nanocrystallites 
obtained at 180 °C is shown in Figure 2.7(D). The XRD peaks are broadened compared to 
those of the bulk CdS indicating that the particles are in the nanosize regime. The XRD 
pattern is consistent with predominantly hexagonal phase and the (1 1 0), (1 0 3), and (1 1 2) 
planes of wurtzite CdS are clearly distinguishable in the diffraction pattern. From the XRD 
pattern, (002) peak appears stronger and narrower compared to other peaks, which indicates 
that the nanorods are elongated along c-axis. The SAED pattern (Figure 2.7C) consists of 
broad diffused rings, which are indicative of the small size of the particles. The diffraction 








Figure 2.7: (A) Representative HRTEM image CdS nanocrystals (scale bar 5 nm; FFT in the 
inset) and corresponding EDX (B) and SAED pattern (C). Representative XRD pattern (D) of 
synthesized CdS/polymer hybrids. 
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Here CdS nanorods were obtained from the single source precursor Cd(DDCT)2 which can 
be regarded as inorganic core [Cd2S2] with four capping groups.
31-34
 Neucleophilic attack by 
oleylamine at the thione carbon can lead to the removal of the capping groups (Shown in 
Scheme below).
31-34
 The newly born Cd2S2 inorganic core are highly reactive and can 
combine with each other and under suitable chemical and physical environment, [Cd2S2] 



























2.3.7. Non-linear optical properties of the hybrids 
  The third-order nonlinear optical properties of Polymer/CdS NC hybrids were 
characterized with nanosecond open- and closed-aperture Z-scan measurements. Laser pulses 
of 7 ns duration, 532 nm wavelength and 10 Hz repetition rate were provided by a frequency 
doubled Nd:YAG laser (Spectro Physics DRC-3). After a spatial filter, the spatial profiles of 
the pulses were near Gaussian distribution. The pulses were also divided into two parts, one 
part used as the reference, and the other part was focused onto a 1-mm-thick quartz cuvette 
that contained the sample solution with a focus lens (f = 15 cm) in the Z-scans. The beam 
radius was measured to be 20 ± 4 m. The linear transmittance of all the sample solutions 
was adjusted to 80% at 532 nm and the incident and transmitted laser pulses were measured 
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simultaneously with two energy detectors (Laser Probe RKP 465). In an open-aperture (OA) 
configuration, the total transmitted pulse energy was measured in the far-field as a function of 
the sample position, while only central part of the transmitted pulse energy was recorded for 










Figure 2.8: Open-aperture Z-scans of (A) Polymers and (B) Polymer-CdS hybrids in toluene 
with the theoretical fittings (black solid lines). The insets show the measured effective TPA 
coefficients as a function of the input light irradiance. 
 
 
The typical OA Z-scan curves of Polymers and Polymer-CdS NCs are depicted in 
Figures 2.8 (a) and (b). The OA Z-scan studies of polymers and Polymer-CdS NCs revealed 
the two-photon absorption nature of these samples at low as well as high intensities. But in 
the case of Polymer-CdS NCs, both TPA and nonlinear scattering (NLS) was observed at 
high intensities. As the CdS nanoparticles show strong TPA, the scattering observed with the 
nanosecond pulses is attributed as due to the local heating of CdS nanoparticles. 
Figure 2.9 displays typical CA Z-scan curves of Polymers and Polymer-CdS NCs. All 
the samples are showing negative nonlinear refraction, indicating self-defocusing effect. It is 
well known that thermal nonlinearities contribute to negative nonlinear refraction. To 
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Figure 2.9: Closed-aperture Z-scans of P1 and P1-CdS hybrid in toluene, with the 
theoretical fittings (black solid lines). 
 





s    --------- (1) 
Where, 2
~
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Where, αS is the effective scattering coefficient, β is the two photon absorption cross-
section, gS is a parameter which is independent of intensities but depends only on the size, 
shape, concentration of particles and wavelength of light, Δn~ is the difference in the 
effective refractive indices of both linear and nonlinear components, Δnl is the difference in 
the linear refractive indices of polymer and toluene, Δnnl is the difference in nonlinear 
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            Figure 2.10:  Scattering of (A) P1 and (B) P1-CdS NC hybrid at an angle 20º. 
 
As the absorption starts increasing for shorter wavelengths and since the pump is at 532 nm, 
we see strong two-photon absorption. The nonlinear scattering behavior of the Polymer/CdS 
NC hybrids as a function of the input intensity (Z-position) is shown in Figure 2.10, in which 
the curves shown are of those obtained for a forward scattering angle of 20º with respect to 
the beam propagation direction. The observed scattering behavior is interesting as no 
scattering was observed below 100 MWcm
-2
 and at higher intensities the scattering losses 
help achieve better limiting thresholds. Thus CdS nanorods serve as a good scatterer at high 
intensities, without getting damaged due to nonlinear absorption alone. By using the equation 
(1), we first estimated the two-photon absorption cross-section β and used this value to 
estimate αS, the nonlinear scattering coefficient. The fitted values are shown in Table 2.4. By 
the comparing data from Table 2.4, one can find that the effective TPA coefficients in the 
polymer-CdS hybrids are slightly higher than those in the polymers. This enhancement can 
be attributed, in a larger part, to the presence of exciton states in CdS nanocrystals which 
provides additional one-photon transitions and subsequently facilitate one-photon-induced 
ESA. The nonlinear scattering arises partially due to thermal expansion of NCs with 
absorption of incoming laser pulse energy; and partially due to bubble formation in the 
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solution via thermal energy transfer from the NCs to the solvent.
35, 36
 At high pump fluences, 
the energy absorbed by the CdS nanocrystals is transferred to the surrounding polymer and 
then dissipated to the surrounding solvents. As these kinds of polymers have high heat 
capacity, we can expect high thermal energy transfer from nanocrystals to the solvent via 
polymers.
37, 38
 Consequently, the solvent is heated up and the bubbles are formed, which act 
as the scattering centres. The initial bubbles quickly expand due to the large pressure 
difference at the interface between the vapour and polymer-CdS NC solution. When the size 
of bubbles becomes comparable to the magnitude of the wavelength of incident light, 
scattering of the incident beam by the bubble clouds makes a significant contribution to the 
observed nonlinear signals in the Z-scans.The refractive index of the solvent (toluene) and 
the polymer nanoparticles are taken as 1.45 and 1.9 respectively to estimate the value of gS. 
 
Table 2.4: Fitted TPA (β), nonlinear refractive index (n2) and effective scattering coefficient 
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        Four different CdS nanorods-polymer hybrids were synthesized using four 
benzothiadiazole incorporated semiconducting polymers (P1 - P4) via direct thermolysis of 
single source molecular precursor Cd(DDTC)2 in solution. The well-defined nanorods can be 
prepared in the polymer solution without injection procedure. Our results on z-scan data of 
these hybrids indicate that there is significant change in optical non-linearity of these hybrids 
compared to pure polymers. The “one pot” synthesized hybrids show significant nonlinear 
scattering in low energy threshold, which is considered important for optical switching 
applications. It is conceivable that the surface chemistry between CdS semiconductor 
nanorods and the semiconducting polymers were responsible for this interesting nonlinear 
absorption and scattering processes. The surface defects present in the CdS nanorods are 
influenced by the presence of the polymers and nanocrystal-polymer interface is directly 
correlated with the changes in non-linear effects. Such hybrids materials can form stable 
dispersions and provides easy solution processing and device integration. Further 
investigations are required to better understand the underlying mechanisms and total 
contribution of each mechanism on the overall third order nonlinear optical properties. 
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Anisotropic CdS-AgInS2 
Nanocrystals Directly into 
Conducting Polymers and Their 
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       Semiconductor nanocrystals have unique optical properties, such as high absorption 
coefficients, bright fluorescence, and photostability, allowing their use in the development of 
biolabels, sensors, solar cells, and other optical devices.
1-11
 In particular semiconductor 
nanocrystals possessing tunable band gap are attractive materials for applications in 
optoelectronic devices, such as light-emitting diodes and solar cells.
12-17
 In general, the band 
gap of semiconductor nanocrystals can be tuned by varying the particle size due to the 
quantum size effect or by tuning constituent stoichiometry in alloyed nanocrystals. However, 
tuning the band gap by simply adjusting the particle size has limitations. In contrast, 
composition control is a more feasible route to fabricate semiconductor nanocrystals with 
tunable band gaps. Furthermore, different band gaps can be conveniently achieved through 
variation of the composition in multicomponent nanocrystals even under a fixed size. For 













 have been extensively 
investigated. 




 nanocrystals have been reported 
using Z-scan techniques with nanosecond and femtosecond laser pulses. Strong two-photon 
absorption and nonlinear scattering are found to be responsible for good optical limiting 
characteristics in the CdS nanocrystals. An ideal optical limiter, by definition, is a device that 
exhibits a linear transmittance below a threshold and clamps the output to a constant above 
it, thus providing safety to sensors and the eyes. This phenomenon can be achieved by one or 
more of the nonlinear optical mechanisms such as excited state absorption (ESA), free-
carrier absorption (FCA), two photon absorption (TPA), thermal defocusing/scattering, photo 
refraction, nonlinear refraction, and induced scattering.
35-37
 Recently, Asunskis and co-
workers have studied the non-linear optical property of PbS nanocrystals grown on different 
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 and found that surface property plays a significant role in controlling 
the nonlinear optical response of the PbS nanocrystals in the visible region.  
        Here, we report successful synthesis of CdS-AgInS2 semiconductor nanocrystals directly 
into the benzothiadiazole based semiconducting copolymers in relatively moderate 
temperature. This method provides an unprecedented opportunity to design new materials in 
which polymer/CdS-AgInS2 hybrids having specific optical and electronic properties are 
combined to create tailored nanostructured hybrid materials for specific device applications. 
A detailed study on the nonlinear absorption, scattering and optical limiting properties of 
these anisotropic polymer/CdS-AgInS2 hybrids were presented.  
















3.2. Experimental Section 
 
3.2.1. Materials and Methods 
          All reactions were carried out under inert atmosphere (Nitrogen or Argon), unless 
specified otherwise.  All reagents were purchased from Aldrich, Fluka or Merck and used 
without further purification unless otherwise stated.  All reactions were carried out with 
freshly distilled anhydrous solvents under inert atmosphere.  Tetrahydrofuran (THF) was 
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purified via distillation over sodium under nitrogen atmosphere.  The UV-vis spectra were 
measured on a Shimadzu 3101 PC spectrophotometer. Powder X-ray pattern were obtained 
with a D5005Siemens X-ray diffractometer with Cu Kα (1.5 Å) radiation (40 kV, 40 mA).  
The polymer samples were mounted on a sample holder and scanned between 2θ = 20o and 
80
o
. Transmission electron microscopic (TEM) images were captured in JEOL JEM - 2010 
instrument operating at 200 KeV. EDX analysis was performed in JEOL JEM-3010 equipped 
with Oxford instrument. The samples for TEM studies were prepared by evaporating a few 
drops of solution on carbon coated copper grids of 400 mesh sizes, 
3.2.2. Preparation of AgIn(DDTC)4. The preparation of the stable single-source precursor, 
AgIn(DDTC)4 was carried out following previous reports.
40
 In a typical reaction for 
AgIn(DDTC)4, 0.025 mol of AgNO3 , 00.25 mol of In(NO3)3 and  0.05 mol of Na(DDTC) 
were serarately dissolved in 100 mL of distilled water. Then, the two solutions were mixed 
with stirring in a 500 mL beaker. After constant stirring at ambient condition for 2 h, the 
resulting light yellow precipitate was filtered, washed with distilled water followed by 
methanol, and dried in air at 60 °C. 
3.2.3. Synthesis of hybrids. In a typical synthesis, of Cd(DDTC)2 (25 mg) and AgIn(DDTC)4 
(25 mg) were dissolved in  anhydrous 1,2-dichlorobenzene (DCB, 5ml)  under nitrogen flow. 
Polymer (10 mg) was added to the mixture and continued stirring until the entire polymer 
dissolved completely. The reaction flask was heated to 160
 
°C under nitrogen and oleylamine 
(200 l) was added to start the nanocrystal nucleation, followed by continued heating for 30 
min at that temperature. After completion, the reaction mixture was cooled to room 
temperature. Excess methanol was added to precipitate the polymer along with nanocrystals. 
The reaction mixture was cleaned by centrifugation and dissolved in chloroform for further 
studies. For refrerence, CdS-AgInS2 nanocrystals were synthesized without adding any 
polymers. 
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3.3. Results and discussion 
 
3.3.1 Optical properties of the hybrids. 
 
         Figure 3.1 shows the absorption spectra of nanocomposite solution containing CdS-
AgInS2 nanorods and polymers (P1 - P4). These spectra are simply the sum of the absorption 
spectra of the constituent parts of the hybrid; with no evidence of any additional absorption 
peaks in the spectral range measured 285 – 700 nm. Such data indicate that there is negligible 
ground-state charge-transfer between the polymer and the nanocrystals. The increased 
absorption in the higher wavelength in 500 – 600 nm regions in the hybrids indicates the 














Figure 3.1: Absorption spectra of the polymers (red), CdS-AgInS2 nanocrystals (blue) and 
polymer-CdS-AgInS2 nanocomposites in toluene (black). 
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Also, there is no evidence for any absorption corresponding to a spatially indirect charge-






Figure 3.2: TEM images CdS-AgInS2 nanocrystals synthesized in polymer P1 (A), P2 (B), P3 
(C), P4 (D) at 180 °C using mixtures of Cd(DDTC)2 and AgIn(DDTC)4. 
 
 
3.3.2. Morphological Studies.   
         Transmission electron micrograph (TEM) images of the synthesized hybrids are shown 
in Figure 3.2. TEM images (A - D) show the nanocrystals synthesized at 160 °C, which gave 
mixture of spherical and rod morphologies.This is contrasting compared to the CdS-AgInS2 
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prepared without any addition of polymers (Figure 3.4), where majority of the nanocrystals 
were nanorods.This may be due the steric effect provided by the present polymers in the 
solution which may prevent them to grow into indivisual nanorods. A high-magnification 
TEM image of the nanocrystals (NCs) (Figure 3.4A) clearly shows that the colloidal NCs 
have rather uniform size and are nanosized single crystals. The lattice fringes visible in the 
HRTEM images are indicative of the high crystallinity of these particles (Fig. 3.4c). The 
indexing of the lattice parameters of the selected area electron diffraction (SAED, shown in 
Figure 6d) was consistent with hexagonal CdS consisting (110), (103) and (112) planes and 
(200), (002), (121), (122), (040), (123) and (322) lattice planes of orthorhombic AgInS2. 
EDAX analysis of NCs in the electron microscope showed the ratio of Cd, Ag, In and S is 1: 
1: 1.03: 2.13. A slightly higher ratio of sulfur may be attributed to the presence of polymers 
on the surface. 
 
Figure 3.3: TEM images CdS-AgInS2 nanocrystals synthesized without any polymer at 180 
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Figure 3.4: (A) Representative HRTEM image CdS nanocrystals (FFT in the inset) and 
corresponding EDX (B) and SAED pattern (C). Representative XRD pattern of synthesized 
CdS nanocrystals in polymers P1 - P4. 
 
 
3.3.3. Non-linear optical properties and Optical limiting properties 
          The third-order nonlinear optical properties of Polymer- CdS-AgInS2 NCs were 
characterized with nanosecond open aperture Z-scan measurement. The open aperture Z-scan 
measures the transmittance of the sample as it translates through the focal plane of a tightly 
focused beam. As the sample is brought closer to focus, the beam intensity increases and the 
nonlinear effect increases, which leads to a decreasing transmittance for two-photon 
absorption (TPA) and nonlinear scattering. Laser pulses of 7 ns duration, 532 nm wavelength 
and 10 Hz repetition rate were provided by a frequency doubled Nd:YAG laser (Spectro 
Physics DRC-3). After a spatial filter, the spatial profiles of the pulses were near Gaussian 
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distribution. The pulses were also divided into two parts, one part used as the reference, and 
the other part was focused onto a 1-mm-thick quartz cuvette that contained the sample 
solution with a focus lens (f = 15 cm) in the Z-scans. The beam radius was measured to be 
20±4 m. The linear transmittance of all the sample solutions was adjusted to 80% at 532 nm 
and the incident and transmitted laser pulses were measured simultaneously with two energy 
detectors (Laser Probe RKP 465). 
The typical OA Z-scan curves of Polymers and Polymer- CdS-AgInS2 NCs are depicted 
in Figures 3.5 (a) and (b). The OA Z-scan studies of polymers and Polymer- CdS-AgInS2 
NCs revealed the two-photon absorption nature of these samples at low as well as high 
intensities. But in the case of Polymer- CdS-AgInS2 NCs, both TPA and nonlinear scattering 










Figure 3.5: Typical open-aperture Z-scans of (A) Polymers and (B) Polymer/CdS-AgInS2 
hybrids in toluene with the theoretical fittings (black solid lines).  
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Where, αS is the effective scattering coefficient, β is the two photon absorption cross-
section, gS is a parameter which is independent of intensities but depends only on the size, 
shape, concentration of particles and wavelength of light, Δn~ is the difference in the 
effective refractive indices of both linear and nonlinear components, Δnl is the difference in 
the linear refractive indices of polymer and toluene, Δnnl is the difference in nonlinear 










Figure 3.6: Intensity dependent open-aperture Z-scans of (A) P1 and (B) P1/CdS-AgInS2 
NCs in toluene with the theoretical fittings (black solid lines). 
 
As the absorption starts increasing for shorter wavelengths and since the pump is at 532 
nm, we see strong two-photon absorption. The nonlinear scattering behavior of the Polymer- 
CdS-AgInS2 NCs as a function of the input intensity (Z-position) is as shown in Figure 3.6, in 
which the curves shown are of those obtained for a forward scattering angle of 20
O
 with 
respect to the beam propagation direction. The observed scattering behavior is quite 
interesting in the sense that no scattering was observed below 100 MWcm
-2
 and at higher 
intensities the scattering losses help achieve better limiting thresholds. Thus CdS-AgInS2 
NCs serve as a good scatterer at high intensities, without getting damaged due to nonlinear 
absorption alone. By using the equation (1), we first estimated the two-photon absorption 
cross-section β and used this value to estimate αS, the nonlinear scattering coefficient. The 
fitted values are shown in table. The refractive index of the solvent (toluene) and the polymer 
nanoparticles are taken as 1.45 and 1.9 respectively to estimate the value of gS. 
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Table 3.1: Fitted TPA (β) and effective scattering coefficient (αS) of polymers and 
polymer/CdS-AgInS2 hybrids 
 









P1+CdS-AgInS2 27.3 6.8 
P2 4.5 - 
P2+CdS-AgInS2 43 6.7 
P3 6.9 - 
P3+CdS-AgInS2 36 6.9 
P4 36 6.6 













Figure 3.7: Optical-limiting response of polymers and polymer/CdS-AgInS2 hybrids in 
toluene measured using 7-ns pulses at 532 nm. The linear transmittances of all the solutions 
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Figure 3.7 shows the optical-limiting properties of polymer/CdS-AgInS2 hybrids in toluene at 
532 nm. The optical-limiting performance of the hybrids at 532 nm was found to be 
significantly enhanced compared to individual polymers or CdS-AgInS2   nanocrystals, while 
no optical-limiting effect was observed in the toluene solvent at 532 nm.  
The nanosecond optical-limiting properties of the polymer/nanocrystals hybrids in toluene 
were characterized by using a nanosecond z-scan technique using 7 ns laser pulses at 532 nm. 
In a z-scan experiment, the pump density increases as the sample moves into the beam focus. 
The z-scan measurements on the hybrid solution at both input intensities show a reverse 
saturable absorption behavior: the transmission of the sample decreases as the sample moves 
into the beam focus. The observed reverse saturable absorption is an indicator of the optical-
limiting effect. The optical-limiting effect can be manifested by plotting the output energy 
density versus the input energy density as shown in Figure 3.7 (the data were extracted from 
the open-aperture z-scan measurements). The sample exhibits high linear transmittance 
(80%) at lower input laser beam flux. We have also measured the nonlinear transmission of 
pure toluene under the same experimental conditions. Pure toluene was found to show much 
lower nonlinearity compared to that of hybrids in toluene solution, suggesting that the major 
contribution arises from the hybrids. 
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Figure 3.8: Nonlinear scattering signals (at an angle of 20° to the propagation axis of the 
transmitted laser beam) for the polymers and polymer-CdS-AgInS2 NCs in toluene using 532-




          Several mechanisms, such as multiphoton absorption
45
 and nonlinear scattering 
46, 47
 
are thought to be responsible for the optical-limiting activity of the materials. To understand 
the mechanisms responsible for the strong optical-limiting activity of all these hybrids at 532 
nm, we have also performed input-fluence-dependent scattering experiments on hybrid 
solution using 532 nm (Figure 3.8). The scattering signals were monitored at 20° to the 
propagation axis of the transmitted laser beam. For polymers, CdS-AgInS2 and polymer/CdS-
AgInS2 hybrid samples, the scattering signals were dominated by linear scattering at low 
input laser beam flux and became deviated from linear behavior as the input fluence 
increased above some threshold. The contribution from nonlinear scattering became the 
dominant contribution at high pump fluences. The light-scattering signals of the hybrids were 
significantly larger than those of either CdS-AgInS2 or the polymers at 532 nm. For the 532 
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nm laser pulses, the larger difference between the scattering signals of hybrids occurred at 
smaller angles (20°). These results suggest that the nonlinear scattering played an important 
role in the observed optical-limiting activity. The magnitude of the scattered signal for the 
polymer/CdS-AgInS2 hybrid is higher than the scattering signal from CdS-AgInS2 or 
polymers at 532 nm, consistent with the better optical-limiting performance of the hybrids 
compared to both the components. 
        The nonlinear scattering usually arises from the formation of two types of scattering 
centers after photoexcitation of the nanoparticles. At higher pump fluence, the excitation 
energy absorbed by the nanoparticle creates a fast expansion of the semiconductor 
nanocrystals, which mainly acts as a scattering center. The absorbed energy is subsequently 
transferred to the surrounding solvent. Consequently, the heated solvent helps to form the 
bubbles, which act as the secondary scattering centers.
48
 The solvent like toluene in which 
hybrids are dispersed plays an important role in enhancing the optical-limiting activity of the 
hybrids through microbubble formation. Formation of microbubble usually occurs at the 
interface of the solvent and hybrids. Solvents with good thermal conductivity can quickly 
transfer the thermal energy from the nanoparticle to the solvent after photoexcitation to 
dissipate the energy. Solvents with low thermal conductivity can help to confine the energy at 
the interface and promote the solvent vaporization and bubble formation. Nanoparticles 
dispersed in solvents with low thermal conductivity, low heat capacity, and low boiling point 
are expected to show a good performance in generating scat- tering centers and hence give 
rise to optical-limiting effects.  
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        Anisotropic CdS-AgInS2 nanocrystals-polymer hybrids were synthesized with four 
different benzothiadiazole copolymers via direct thermolysis of mixture of Cd(DDTC)2  and 
AgIn(DDTC)4. The mixture of CdS-AgInS2 spherical and rod shaped nanocrystals can be 
prepared in the polymer solution. We also reported enhanced optical - limiting properties of 
hybrids for nanosecond laser pulses. The thresholds for the optical-limiting properties of the 
polymer/CdS-AgInS2 with 532 nm laser pulses are lower than that of the individual polymer 
or CdS-AgInS2 nanocrystals. Fluence-dependent scattering measurements confirm that the 
nonlinear scattering plays a very important role in the exceptional optical-limiting activity of 
nanohybrids at 532 nm with 7 ns pulses. We believe that the surface chemistry between CdS-
AgInS2 semiconductor nanorods and the conjugated polymers were responsible for this 
significant optical limiting and scattering processes. The surface defects present in the CdS-
AgInS2 nanocrystals (such as S vancancy or vancancy created due to Cd, Ag or In) are 
influenced by the presence of the polymers and nanocrystal-polymer intereface is directly 
correlated with the changes in non-linear effects. These nanohybrids can form stable 
dispersions and provides easy solution processing and device integration. 
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4.1. Introduction        
      Recently, semiconductor nanocrystals are under investigation due to their vast 







 and hybrid materials prepared by directed- and self-assembly 
techniques.
3, 10-14
 The interest in nanocrystal/semiconducting polymer hybrids is based on the 
use of these hybrids for a next generation of photovoltaic cells
1, 15 
and light-emitting diodes. 
5, 16, 17
 Several advances, as well as difficulties, related to the fabrication of such devices from 
nanoparticle-based composites have been encountered. One of the major problems is 
centered at the polymer-quantum dot interface. The insulating ligand (e.g. TOPO, ODA) 
coverage limits charge transport between the nanocrystals and the conducting polymer as 
well as nanoparticle aggregation within the polymer matrix and diminished interfacial 
interaction. 
      Over the years the synthetic methods for preparation of nanocrystals have improved 
through optimization in the reagents, ligands, solvents, and the other general approaches.
18-23
 
However, at the microscopic level the materials are not identical batch-to-batch and may 
vary depending on heating rate, mixing rate, and concentrations. In other words, the size and 
shape vary with each reaction reminding us with similar problem associated with polymer 
chemistry; however, nearly the same size can be isolated if the absorption is actively 
monitored. The use of Microwave irradiation considered to have several unique advantages 
over conventional heating: (1) selective activation of the target precursor to initiate 
nucleation and subsequent growth, (2) reproducibility from batch-to-batch, (3) the 
convenience of a non-injection reaction, and (4) a stopped-flow near-continuous nanocrystal 
synthesis.
24
 The demonstration of the selective triggering of nanocrystal nucleation and 
growth by choosing a molecular precursor to be the only reactant with significant Microwave 
absorption allows the manifestation of the “specific microwave effect”25 for nanocrystal 
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preparation. The nanocrystals can be synthesized rapidly and controlled by a combination of 
reactant concentration and power, while the reaction temperature dictates size of the 
nanocrystals. The reproducibility from batch-to-batch of the method and the ability to 
continuously synthesize nanocrystals draws a lot of fascination, particularly for the potential 
automation of synthesis of nanostructured inorganic-organic hybrids. 
       Among various semiconductor nanocrystals, direct band-gap semiconductors CdS, ZnS 
and CdxZn1−xS quantum dots (QDs) are widely investigated because of their interesting 
chemical and unusual electronic properties.
26, 27
 The CdxZn1−xS QDs are promising materials 
for optoelectronic applications in the blue and UV spectral regions due to their wide direct 
band-gaps (2.41 to 3.52 eV). 
      In this chapter, we report the microwave assisted synthesis of CdxZn1-xS and CdS 
nanocrystals by using two benzothiadiazole incorporated semiconducting polymers as a 
conducting polymer and the effect of these polymers are studied by using microscopic, 
electrochemical and spectroscopic techniques. The results give a clear correlation about the 
effect on electrochemical band gap and optical properties relating to the nature of 
nanocrystals inside the conducting polymer matrix.  
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4.2. Experimental Section 
 
4.2.1. Materials and Methods. 
          All reactions were carried out under inert atmosphere (nitrogen), unless specified 
otherwise.  All reagents were purchased from Aldrich, Fluka or Merck and used without 
further purification unless otherwise stated.  All reactions were carried out with freshly 
distilled anhydrous solvents under inert atmosphere.  Tetrahydrofuran (THF) was purified via 
distillation over sodium under nitrogen atmosphere. NMR spectra 
1
H (300 MHz) were 
collected on a Bruker AMX 300 spectrometer.  FT-IR spectra were recorded on a Bio-Rad 
FTS 165 spectrophotometer using KBr as matrix. The UV-vis spectra were measured on a 
Shimadzu 3101 PC spectrophotometer and fluorescence measurements were carried out on a 
RF-5301PC Shimadzu spectrofluorophotometer.  The thermal properties of the polymers 
were investigated by thermogravimetric analysis (TGA), using a SDT 2960 TA instrument at 
a heating rate of 10 deg/min under nitrogen.  Powder X-ray pattern were obtained with a 
D5005 Siemens X-ray diffractometer with Cu Kα (1.5 Å) radiation (40 kV, 40 mA).  The thin 
films of the samples were mounted on a sample holder and scanned between 2θ = 20o and 
80
o
.  The gel permeation chromatography (GPC) measurements were performed to obtain 
molecular weight of polymer with reference to polystyrene standards at room temperature 
using THF (HPLC grade) as the eluent.  The molecular weights and molecular weight 
distributions were calculated based on monodispersed polystyrene standards. The 
electrochemical behavior of the polymers was investigated with cyclic voltammtery (CV). 
The CVs were recorded with a computer controlled μ-Autolab type II potentiostat/ 
galvanostat controlled by the Autolab GPES software at a constant scan rate of 100 mV/s.  
Measurements were performed in an electrolyte solution of 0.1 M 
tetrabutylammoniumhexafluorophosphate (Bu4NPF6) dissolved in acetonitrile.  An undivided 
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three-electrode configuration cell was used with a platinum disk electrode as working 
electrode, platinum wire as the counter electrode, and Ag/Ag
+
 as the reference electrode.  The 
polymer or nanocrystal/polymer hybrids dissolved in chloroform was drop casted onto the 
platinum disk electrode to form a thin film and was dried in a vacuum oven before being 
inserted into the cell.  Transmission electron microscopic (TEM) images were captured in 
JEOL JEM - 2010 instrument operating at 200 keV. EDX analysis was performed in JEOL 
JEM-3010 equipped with Oxford instrument. The samples for TEM studies were prepared by 
evaporating a few drops of solution on carbon coated copper grids of 400 mesh size. 
 
4.2.2. Synthesis procedure for the polymers P5 and P6 
          Dibromo compounds and 9, 9’-dihexylfluorene-2,7-diboronic acid were dissolved in 30 
mL of dry THF under N2. To the solution were added K2CO3 (aq.) (2.0 M, 20 mL; N2 
bubbled before use), Pd(PPh3)4 (0.23 g, 0.20 mmol), and small amount of  phase transfer 
catalyst CTAB. After the mixture was stirred for 3 days at 80 °C, the solvent was removed 
under vacuum. The resulting solid was dissolved in a small amount of chloroform and 
reprecipitated with large excess of methanol.  
 
P5:  Yellow poweder.  Yield 83%.  
1
H NMR (CDCl3, δ, ppm):  7.5-7.75 (6H, b, Fluorene), 
7.4 (2H, b, Ar-H), 2.1 (4H, b, CH2), 1.51-1.68 (10H, b, CH2), 1.12-1.46 (28H, b, CH2), 0.82-
0.88 (12H, b, CH3). FT-IR (KBr, cm
-1
):  3467, 3066, 2923, 2851, 1607, 1503, 1465, 1385, 
1282, 1212, 1119, 1069, 1028, 878, 846, 792, 721, 695, 540. 
P6:  Dark red solid.  Yield 60%.  
1
H NMR (CDCl3, δ, ppm):  7.66 (4H, b, benz-H), 7.55 (2H, 
s, Ar-H), 7.32-7.39 (4H, b, Ar-H), 1.84-1.96 (4H, b, CH2), 1.51-1.68 (10H, b, CH2), 1.12-
1.46 (28H, b, CH2), 0.82-0.88 (12H, b, CH3).  FT-IR (KBr, cm
-1
):  3436, 3067, 3023, 2917, 
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2848, 1597, 1545, 1486, 1467, 1405, 1385, 1284, 1210, 1069, 1030, 915, 848, 826, 791, 754, 
720, 689. 
 4.2.3. Preparation of Zn(DDTC)2, Cd(DDTC)2 
          The preparation of air stable single-source precursor of Zn(DDTC)2 and Cd(DDTC)2 
was carried out using previously published procedure.
28 
In a typical reaction for Zn(DDTC)2, 
0.05 mol of Zn(NO3)2 and 0.05 mol of Na(DDTC) were firstly dissolved in 100 mL of 
distilled water, respectively. Then, the two solutions were mixed with stirring in a 500 mL 
beaker. After constant stirring at ambient condition for 2 h, the resulting milky white 
precipitate was filtered, washed with distilled water followed methanol, and dried in air at 60 
°C. Cd(DDTC)2 was also prepared by the same way depicted as above, using   CdCl2.6H2O 
and Na(DDTC) . 
 
4.2.4. Synthesis of Hybrids. 
CdxZn1-xS/polymer hybrid. The preparation of CdxZn1-xS nanocrystal/polymer hybrids was 
carried out in a standard air-free condition. In a typical procedure, for CdxZn1-xS, a mixture of 
Zn(DDTC)2 (0.025 g, 0.1 mmol) and Cd(DDTC)2 (0.025 g, 0.05 mmol), oleyl amine (OM) 
(200 μl, 20 mmol) and the respective polymer (P5 or P6, 5 mg) were loaded in a 25 mL 
three-necked flask containing 1,2-dichlorobenzene (5 ml). The reaction system was then 
filled with nitrogen, and it was kept in a domestic microwave oven (2.45 GHz, 2000W) and 
heated for 5 min at 55% power output. After the completion of the reaction the mixture was 
cooled to room temperature. The resulting hybrids were precipitated by an excess of 
methanol and collected by centrifugation. The product was washed with methanol by a 
repetitive dispersion/precipitation cycle and redispersed in chloroform. 
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CdS/polymer hybrid. In a typical synthesis, Cd(DDTC)2  (50 mg) was dissolved in 
anhydrous 1,2-dichlorobenzene (DCB, 5ml) containing oleylamine (200 l) under nitrogen 
flow. 5 mg of the polymer (P5 or P6) was added to the mixture and continued stirring until 
the entire polymer get dissolved completely.  Then the reaction was carried out in microwave 
oven similarly described in case of CdxZn1-xS/polymer hybrid synthesis. 
 
4.3. Results and discussion 
 
4.3.1. Synthesis of polymers (P5 and P6)  
 
        The synthetic routes to the monomers and polymers are outlined in Scheme 4.2. The 
target polymers P5 and P6 were synthesized by Suzuki polycondenzation and polymerization 
was carried out under inert atmosphere using equimolar diboronic acid and monomer 1 or 2 
and 2,7-dibormobenzothiadiazole in the biphasic medium of THF and 2 M K2CO3 solution 
with tetrakis(triphenylphosphine) palladium(0) as catalyst and CTAB as phase transfer agent 
under vigorous stirring for 72 hrs. The reaction mixture was cooled to room temperature, 
extracted with dichloromethane, washed with water, dried over anhydrous Na2SO4, filtered 
and filtrate was concentrated under reduced pressure. Further purification of these polymers 
was achieved by repeated fractional precipitation from methanol to remove impurities. 
         The resulting polymers were soluble in common organic solvents such as 
dichloromethane, chloroform, and THF. Molecular weight of target polymers was determined 
by gel permeation chromatography (GPC) with polystyrene as standard and THF as eluent. 
The molecular weights (Mn) of these polymers varied greatly from 5 kg/mol to 6 kg/mol 
(Table 4.1). The low molecular weight is possibly due to formation of the insoluble part of 
the polymer. 
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Table 4.1.  Molecular weight (Mw, Mn) and polydispersity index (PDI) and thermal 
properties (Td) of the polymers P5 - P6 at room temperature.  
 
Polymer Color Mn Mw 
 
PDI Td 
P5 Yellow  2270 6357 
 
2.8 365 
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4.3.2. Thermal Properties. 
          The thermal stability of the polymers was evaluated using thermo gravimetric analysis 
(TGA) at a heating rate of 10 °C/min under nitrogen flow.  Figure 4.1 shows the thermograms 
of polymer P5 and P6.  All polymers showed small weight loss of less than 5% below 350 °C.  
Thermal degradation temperatures Td values are tabulated in Table 4.1. All the polymers are 
thermally stable up to 375 
o
C.  Weight loss at this transition is accounted for the degradation 
of alkyl chain substituents from the fluorine unit in the polymer backbone. Polymers P5 and 
P6 showed high thermal stability and the onset degradation temperatures were in the range of 
400 - 425 
o
C.  All polymers suffered only 40-50% weight loss above 450 
o
C. Higher thermal 














Figure 4.1: TGA scans for polymers P5 and P6 carried out under nitrogen flow. 
 
4.3.3. Optical Properties of Polymers 
          Optical properties of these polymers were studied using polymers dissolved in 
chloroform as well as films prepared on quartz plates by spin coating from chloroform 
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solutions. Their absorption and emission spectra are shown in Figure 4.2 and Figure 4.3. The 
UV–vis absorption and photoluminescence data are summarized in Table 4.2. 





























































Figure 4.2: Normalized UV-Vis spectra of polymer P5 and P6 (A) in solution and (B) as 
films.  










) Optical band 
gap (eV) 
P5 421, 316, 264 542 446, 318 2.39 
P6 451, 316 509, 542 461, 319 2.21 
 
 
                              
Polymers (P5 and P6)  in solution exhibited the UV–Vis two absorption maxima in the range 
of 310 - 320 nm and 420 - 450 nm, which could be assigned to the –* transition and charge 
transfer band respectively. Compared with those of P5, the absorption maximum of P6 is 
shifted by about 30 nm to a longer wavelength, indicating more prominent charge transfer 
effect of BDT group of the polymer chain due to the planarized conjugation structure and 
small steric effect of the incorporated fluorene moiety. The emission spectra (Figure 4.3) were 
recorded with an excitation wavelength corresponding to the absorption maximum wavelength 
of the polymer. All polymers in chloroform solution showed the emission maxima around 540 
nm. The emission spectra of P6 showed vibrational structure with the emission max at 509 nm 
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and 542 nm, owing to the rigid and well-defined backbone structure.
 
The relatively large Stoke 
shift of P5 suggests that the polymer chain of P5 undergoes considerable molecular 
rearrangement upon photoexcitation, presumably due to low intramolecular rotational 









      Figure 4.3: Emission spectra of the polymers (P5 and P6) in dilute chloroform solution 
       
 Figure 4.2(B) shows the absorption of these polymers in solid state. Compared to the 
absorption spectra in solution, the absorption spectra of these polymers in solid state are more 
structureless, owing to the aggregation of polymer chains. The absorption spectra of P5 and 
P6 in film exhibited a red shift about 25  – 30 nm to longer wavelength with respect to their 
absorption spectra in solution, which can be assigned to planarized conjugated single chains or 
aggregates. Optical bandgap calculated from the absorption onset of the thin films is 2.39 eV 
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4.3.4. Electrochemical properties of the polymers 
         The electrochemical behavior of the polymers P5 and P6 (Figure 4.4) was investigated 
by cyclic voltammetry (CV) performed in dry acetonitrile containing Bu4NPF6 (0.1M) as a 
supporting electrolyte at a scan rate of 0.1 V/s. A platinum disk electrode coated with a thin 
polymer film was used as the working electrode of the three electrode systems and an Ag/Ag
+
 
electrode was used as the reference electrode. The HOMO energy levels were calculated 
from the onset of oxidation potential (Eonset) according to the empirical formula,
29
 HOMO = -
(4.44 + Eonset, Ox) (eV). The LUMO energy levels were calculated according to the formula, 
LUMO = -(4.44 + Eonset, Red). The p-doping (oxidation) of P5 and P6 was partially reversible 
and unstable under repeated scanning, presumably due to the decomposition of the polymer 
main chains. The bandgaps calculated from the HOMO and LUMO are 2.09 eV and 2.15 eV 
for P5 and P6 respectively, which is slightly lower than the bandgaps calculated from 
adsorption onsets (Table 4.2). This happens in case of a donor-acceptor polymer as the 
HOMO and LUMO may be present in the separate moiety in the polymer backbone. 
 
















































Figure 4.4: Cyclic voltammograms of the thin films of (A) P5 and (B) P6 on a platinum disk 
electrode in acetonitrile with 0.1 M tetrabutylammoniumhexaflurophophate as supporting 
electrolyte at scan speed of 100 mV/s at room temperature. 
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P1      1.08 -5.48 -1.01 -3.39 2.09 




 4.3.5. Optical Properties of nanohybrids.  
          Absorption spectra were measured with dilute chloroform solution of the hybrids. 
Figure 4.5A and 4.5B shows the absorption spectra of nanocomposite solution containing 
nanocrystals and polymers P5 - P6. These spectra are simply the sum of the absorption 
spectra of the constituent parts of the nanocomposite, with no evidence of any additional 
absorption peaks in the spectral range measured at 250 – 600 nm. The spectra of the hybrids 
show significantly higher absorption in the UV region. Since CdxZn1-xS and CdS nanorods 
possess broadband visible absorption, these results confirm the presence of nanocrystals in 
the hybrids. 
        Figure 4.5 (C) and 4.5 (D) showed the photoluminescence (PL) results of for the P5 and 
P6 containing nanocrystals/polymer hybrids respectively. In Figure 4.6, the emission peak 
intensities were measured with respect to the polymer and the polymer/nanocrystal hybrid 
absorption changes.  It can clearly be seen in Figure 4.6 (A) for the P5/ nanocrystals hybrids, 
the presence of nanocrystals decreases the intensity of the conducting polymers steady-state 
PL spectra. We suggest that the observed PL quenching may arise due to the charge transfer 
from the excited nanocrystals to the polymer after a diffusion-controlled encounter. In this 
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scenario, a photon of light is absorbed by the nanocrystal and a pair of excited state charge 
carriers is created. These may radiatively recombine, or there may exist a competing non-
radiative pathway out of the excited state. A charge-transfer event would be such a competing 
non-radiative pathway out of the excited state.  Due to the relative conduction band edge 
alignment in that system, they observed electron transfer.  
 































































































































Figure 4.5: Absorption spectra of P5/Nanocrystals (A) and P6/Nanocyrstals (B) hybrids 
prepared by microwave heating method. Photoluminescence spectra of P5/Nanocrystals (C) 
and P6/Nanocrystals (D) hybrids prepared by microwave heating method. 
 
       In case of P6/nanocrystals hybrids (Figure 4.5D), we observed interesting scenario. The 
PL intensity increased significantly in case of both CdxZn1-xS and CdS hybrids. This 
enhancement in P6/nanocrystals can be explained by the nanocrystals’ ability to concentrate 
the intensity of local excitation. The local field induces an absorption enhancement for the 
Pradipta Sankar Maiti 





 On the other hand; the excited state in polymer would also have an additional non-
radiative decay process when the polymer is near the nanocrystals. This effect arises from the 
out of phase dipolar component of the induced macroscopic polarization in the nanocrystals, 
as well as from the higher order, nonradiating multi-poles because the nanocrystals are in the 
near field of the polymer dipoles.
31
  
       Therefore, the emission dipole in the polymer will induce a macroscopic polarization in 
the nanocrystals, which becomes large near the frequency of the band edge absorption. The in-
phase dipolar component of this response increases the total emission dipole, resulting in a 
concomitant increase in the radiative emission rate. This electromagnetic interaction between 
the two components reflects the coupling of polymer dipole to the macroscopic dipole in the 
nanocrystals and then to the emitted radiation field. The role of this resonance is to amplify the 
electromagnetic intensity at the location of the conducting polymers, at both the PL and the 
incident frequencies thus induces an increase in the radiative rate of conducting polymer.  
 
4.3.6. Morphological Studies 
          TEM images for CdxZn1-xS/polymer and CdS/Polymer inorganic-organic hybrids 
synthesized under microwave heating are shown respectively in Figure 6 (A - D) and Figure 
7 (A - D). The nanoparticles have a spherical morphology with an average diameter of ca.10 
nm. But moderate agglomeration is also observed due to the high surface energy of the 
nanocrystals.
32
 Although the exact mechanisms are yet to be undetermined, the formation of 
nanocryastals in polymer solution implied that the nucleation and growth processes of these 
nanocrystals during the microwave heating were well controlled. The single-source molecular 
precursors, Zn(DDTC)2 and Cd(DDTC)2 can be regarded as a class of inorganic core-cluster 
complexes,
 33-36
 which would be unstable in the presence of nucleophile such as oleylamine 
under suitable reaction conditions. Nucleophilic attack by the nucleophilic solvents at the 
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thione carbon can lead to the formation of CdxZn1-xS and CdS crystal nuclei.
33-36
 These  
crystal nuclei were highly active and had the tendency to combine with each other to grow 
into larger nanocrystals (Shown in the sceme below). The inserted selected-area electron 



















































     The rings for CdxZn1-xS correspond to the (002), (110) and (112) planes of the mostly 
cubic CdxZn1-xS phase whereas the rings for CdS correspond to (101), (002), (101), (102), 
(110), (103) and (112) of the wurtzite phase for CdS. The EDAX spectrum gives strong peaks 
for zinc, cadmium, sulfur (Figure 4.9). The ratio of Cd: Zn: S and Cd: S is not stotiometric 
because the signal of the S element also can come from the polymer backbone as well. The 
wide-angle X-ray diffraction pattern of the nanocrystallites obtained by microwave heating is 
Pradipta Sankar Maiti 
  National University of Singapore 
 
 103 
shown in Figure 4.8. In case of CdxZn1-xS/polymer hybrids, from the XRD peaks at (002), 
(110) and (112) it is evident that all these compositions contain both kinds of cubic (zinc-
blende) and hexagonal (wurtzite) QDs. In case of CdS, the XRD pattern is consistent with 
predominantly hexagonal phase. However, the (1 1 0), (1 0 3), and (1 1 2) planes of wurtzite 
CdS are clearly distinguishable in the diffraction pattern. From the XRD pattern it is observed 
that (002) peak is stronger and narrower compared to other peaks, which indicates that the 





Figure 4.6: TEM images of P5/CdxZn1-xS (A) and corresponding HRTEM (B) and P6/CdxZn1-
xS (C) and corresponding HRTEM (D) of the hybrids prepared by microwave heating using 
the mixture of Cd(DDTC)2 and Zn(DDTC)2. 
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Figure 4.7: TEM images of P5/CdS (A) and corresponding HRTEM (B) and P6/CdS (C) 
corresponding HRTEM (D) of the nanohybrids prepared by microwave heating using 
Cd(DDTC)2. 



















































































Figure 4.8: XRD of P5/Nanocrystals (A) and P6/Nanocyrstals (B) hybrids prepared by 
microwave heating method. 
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Figure 4.9: EDX analysis of P5/Nanocrystals (a), (c) and P6/Nanocyrstals (b), (d) hybrids 
prepared by microwave heating method. 
 
 
4.3.7. Electrochemical properties of the hybrids 
          Figure 4.10 showed comparable cyclic voltammogram. To get a better understanding 
of the electronic effects resulting from the hybrids, electrochemical data from pure polymer 
and polymer/nanocrystal hybrid was compared. It was observed that the interactions between 
the polymers (P5 and P6) and the nanocrystals (CdxZn1-xS and CdS) in the hybrid system 
lead to change in bandgap in the system. They also influence the position of HOMO level as 
well as LUMO levels. 
       These voltammogram reflected the electrochemical behavior of the nanocrystal/polymer 
hybrids.  The voltammogram recorded in the potential range from -2.0 V to +2.0 V differed 
from that of the pure polymers.  Comparative measurements show that in case of CdxZn1-xS 
/P5, HOMO level was increased by 0.11 V whereas for CdxZn1-xS /P6 HOMO level was 
unchanged (Table 4.4). On the other hand, in case of CdS/P5, HOMO level is increased by 
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0.14 V whereas for CdS/P6 HOMO level increased by 0.09 V. This means that redox process 
associated with the nanocrystal/polymer hybrids perturb the oxidation and reduction process 




       In presence of CdxZn1-xS and CdS quantum dots the formation of intermediates was 
inhibited by virtue of high surface to bulk area and quantum dot makes the recombination of 
intermediates faster. This can be attributed to the decrease in the electron density around the 
polymer, which in turn reduces the electron transfer kinetics. 
      It is clear now from these results that changing of the hybrid composition allows the 
modulation of the HOMO and LUMO of the resulting system. This should be useful to 
enhance the absorption of photons in the active layer of an organic solar cell and efficient 















Figure 4.10: Cyclic voltammogram of the thin film of P5/nanocyrstals (A) and 
P6/nanocrystals (B) hybrids on a platinum disk electrode in acetonitrile with 0.1 M 
tetrabutylammoniumhexaflurophosphate (TBAPF6) as supporting electrolyte. Scan speed 100 
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Table 4.4: HOMO and LUMO energy level of polymer/nanocrystals hybrids determined 
from cyclic voltammetry 
 
 
Figure 4.11: Relative position of the HOMO and LUMO levels for the pure polymers P5 and 




       In conclusion, we report a simple, versatile, and rapid (~ 5 min) microwave synthetic 
method of preparing semiconducting polymer/nanocrystals hybrids. Benzothiadiazole 














P5-CdxZn1-xS 0.97 -5.37 -0.56 -3.84 1.53 
P5-CdS 0.94 -5.34 -0.50 -3.90        1.44 
P6-CdxZn1-xS 0.99 -5.36 -0.87 -3.53 1.81 























P5 P6P5/CdxZn1-XS P6/CdxZn1-XSP5/CdS P6/CdS
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encapsulation of CdxZn1-xS and CdS nanocrystals, especially for fabricating several devices 
for optical and optoelectronic applications. The morphological studies using XRD and TEM 
show that the nanohybrids with hightly crystalline ordered nanocrystals. Specroscopic results 
suggest that the conjugation present in the polymer matrix causes increased overlapping 
between electron–hole pair wave function. Comparison of cyclic voltammograms for pure 
polymer, CdxZn1-xS/Polymer and CdS/Polymer hybrids suggests that we can engineer the 
electrochemical bandgap of the hybrid system by combining the specific sets of conducting 
polymer and semiconductor nanocrystals. We believe that engineering of the hybrids would 
allow tuning of energy levels alignment of a chosen nanocrystals-polymer system to arrive at 
better photovoltaics and/or LEDs. 
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Nanocrystals in Cyano 
Substituted Poly(thienylene-
vinylene-thienylene): Microwave 
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      Nanostructured inorganic–organic semiconductor hybrid materials are interesting for 
developing a large variety of electronic and optoelectronic devices including solar cells, light 
sources, field effect transistors and chemical sensors.
1–9
 In particular, inorganic 
semiconductor nanocrystals can be used as light absorbers and electron acceptors in organic 
solar cells.
10–13
 A key challenge for the design of efficient hybrid device is the ability to 
achieve high-yield and long-lived charge separation at the nanocrystals/polymer interface 
whilst ensuring good electrical connection between the nanocrystals to facilitate charge 
carrier transport and collection at the device electrodes. Typically ligand exchange is carried 
out to achieve high charge separation yields and efficient charge transport. However, poor 
solubility and stability of the nanocrystals lead to poor film quality, low photocurrent 
generation and poor device performance. Direct synthesis of semiconductor nanocrystals in 
semiconducting polymer solution can give dispersion of the nanocrystals without the use of 
ligands prior to their utilization in the fabrication of hybrid films.
10, 14
  
        In this prospect, microwave irradiation (MWI) offers great advantages as the simplest 
and fastest procedure by providing significant enhancement in reaction rates. Furthermore, 
MWI methods are unique for scaling up manufacturing processes without suffering batch-
by-batch thermal gradient effects, thus enhancing the feasibility of large-scale synthesis of 
nanomaterials. Although MWI methods have been demonstrated for the synthesis of a 
variety of high quality, nearly monodispersed semiconductor nanoparticles
15
, conventional 




        In this work, a comparative study on structure-property relationship of CdS nanocrystals 
prepared by conventional synthesis and microwave assisted synthesis in presence of cyano 
substituted Poly(thiophene vinylene) (CN-PTV)  is reported.  The matrix effect of these 
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polymers is studied by using microscopic, electrochemical and spectroscopic techniques. CN-
PTV is an interesting semiconducting polymer with decreased HOMO energy level, 
increased air stability and the copolymerization with thiophene unit provides improved 
absorption and hole mobility of the polymer.
17-20
 The results showed a correlation between 
the effect on the electrochemical band gap and optical properties with respect to the synthetic 
conditions. 














5.2. Experimental Section 
 
5.2.1. Materials and methods 
         All reactions were carried out under inert atmosphere (Nitrogen or Argon), unless 
specified otherwise.  All reagents were purchased from Aldrich, Fluka or Merck and used 
without further purification unless otherwise stated.  All reactions were carried out with 
freshly distilled anhydrous solvents under inert atmosphere.  Tetrahydrofuran (THF) was 




C NMR spectra  
(300MHz) were collected on a Bruker AMX 300 spectrometer.  FT-IR spectra were recorded 
using a Bio-Rad FTS 165 spectrophotometer with KBr as matrix.   The UV-vis spectra were 
measured on a Shimadzu 3101 PC spectrophotometer and fluorescence measurements were 
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carried out on a RF-5301PC Shimadzu spectrofluorophotometer.  The thermal properties of 
the polymers were investigated by thermogravimetric analysis (TGA), using a SDT 2960 TA 
instrument at a heating rate of 10 deg/min under nitrogen.  Powder X-ray pattern were 
obtained with a D5005 Siemens X-ray diffractometer with Cu Kα (1.5 Å) radiation (40 kV, 





.  The gel permeation chromatography (GPC) measurements were performed to 
obtain molecular weight of polymers with reference to polystyrene standards at room 
temperature using tetrahydrofuran (HPLC grade) as the eluent.   Molecular weights and 
molecular weight distributions were calculated based on monodispersed polystyrene 
standards. Electrochemical behavior of the polymers was investigated with cyclic 
voltammtery (CV). The cyclic voltammograms were recorded with a computer controlled μ-
Autolab type II potentiostat/ galvanostat controlled by the Autolab GPES software version 
4.7 at a constant scan rate of 100 mV/s.  Measurements were performed in an electrolyte 
solution of 0.1 M tetrabutylammoniumhexafluorophosphate (Bu4NPF6) dissolved in 
acetonitrile.  An undivided three-electrode configuration cell was used with a glassy carbon 
working electrode, platinum wire as the counter electrode, and Ag/Ag
+
 as the reference 
electrode.  The polymer dissolved in chloroform was drop casted onto the platinum disk 
electrode to form a thin film and dried in a vacuum oven before being inserted into the cell.  
Transmission electron microscopic (TEM) images were captured in JEOL JEM - 2010 
instrument operating at 200 KeV. EDX analysis was performed in JEOL JEM-3010 equipped 
with Oxford Instruments detector. The samples for TEM studies were prepared by 
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5.2.2. Synthesis of Monomers and Polymer: 
          The monomer was synthesized following a reported procedure.
21 
The synthetic routes 
of the monomer and polymer are shown in Scheme 5.2. The detailed synthetic procedures are 
as follows: 
Synthesis of 2,3-Di-(2-thienyl)-acetonitrile (3).
21
 2-Thiophenecarboxaldehyde (5 mmol, 
1.12 g) and 2-thiopheneacetonitrile (5 mmol, 0.615 g) were stirred in 60 mL of ethanol and t-
BuOK (5 mmol, 0.56 g) were added and then the mixture was refluxed for 3 h. After cooling 
to room temperature, a yellow crystalline product was obtained, and this was washed with 
cold ethanol thoroughly and dried in vacuum. 
Yield: 87%. MS, (EI), m/e): 217.2 [M
+
]. Anal. Calcd for C11H7NS2: C, 60.80; H, 3.25; N, 
6.45; S, 29.51 Found: C, 60.46; H, 3.37; N, 6.53; S, 29.23. 1H NMR (300 MHz, CDCl3, 
TMS, δ, ppm): 7.61 (d, 1 H), 7.52 (d, 1H) 7.47 (s, 1 H), 7.32 (dd, 1 H), 7.28 (dd, 1H), 7.12 
(dd, 1 H), 7.05 (dd, 1H). 
13
C NMR (CDCl3, ppm, 300 MHz): 141.7, 138.7, 134.1, 131.4, 
130.2, 127.1, 117.1, 114.1 and 104.6. 
General procedure for polymerization with FeCl3. Under nitrogen atmosphere, a 
suspension of 4 equiv. anhydrous FeCl3 in 2ml of dry nitrobenzene was added drop-wise to a 
solution of 3 and 3-hexylthiophene (P7) or 3-octylthiohene (P8) in 8ml of dry 1,2-
dichlorobenzene (DCB) for 10 min under stirring. The mixture was further stirred at room 
temperature under nitrogen atmosphere for 12 h, poured to 400 mL methanol, stirred for 2 h, 
filtered and the precipitate was collected, washed with methanol, and dissolved in a small 
amount of chloroform and precipitated from methanol again. The precipitate was stirred 
overnight with 100 mL dichloromethane and 150 mL aqueous ammonia hydroxide (5 %). 
The organic layer was separated, washed with 100 mL deionized water for 3 times, filtered 
and the solvent was removed under reduced pressure to give the crude polymer. The crude 
polymer was purified by Soxhlet extraction with methanol for 3 days. 
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P7:  Dark solid.  Yield: 40%.  1H NMR (400 MHz, CDC13, ppm): d 7.16 (s,1H), 7.09 (d, 
1H), 6.93 (d, br, 2H), 2.93–2.55 (t, br,2H), 1.54 (m, 2H), 1.29–1.22 (m, br, 18H), 0.89 (t,3H).  
FT-IR (KBr, cm
-1
):  3446, 3066, 2921, 2850, 1600, 1482, 1465, 1385, 1288, 1211, 1153, 
1024, 870, 846, 788, 720, 691, 639. 
 
P8:  Dark solid.  Yield 52%.  1H NMR (400 MHz, CDC13, ppm): d 7.15 (s,1H), 7.08 (d, 
1H), 6.90 (d, br, 2H), 2.91–2.53 (t, br,2H), 1.54 (m, 2H), 1.29–1.22 (m, br, 18H), 0.89 (t,3H).   
FT-IR (KBr, cm
-1
):  3467, 3066, 2923, 2851, 1607, 1503, 1465, 1385, 1282, 1212, 1119, 
1069, 1028, 878, 846, 792, 721, 695, 540. 
5.2.3. Preparation of Cd(DDTC)2 
         The preparation of single-source precursor, Cd(DDTC)2 was carried out following 
previous reports.
22
 In a typical reaction for Cd(DDTC)2, 0.05 mol of CdCl2 and Na(DDTC) 
were firstly dissolved in 100 mL of distilled water, respectively. Then, the two solutions were 
mixed and stirred for 2 h, the resulting milky white precipitate was filtered, washed with 
distilled water followed methanol, and dried in air at 60 °C. 
 
5.2.4. Synthesis of Hybrids.  
Microwave method. The preparation of CdS nanocrystal/polymer hybrids was carried out in 
a standard air-free condition. In a typical procedure, for CdS, a mixture of Cd(DDTC)2 (0.05 
g, 0.05 mmol), oleyl amine (OM) (200 μl, 20 mmol) and 5 mg of the respective polymer (P7 
or P8) were loaded in a 25 mL reaction vessel containing of 1,2-dichlorobenzene (5 ml). The 
reaction system was then filled with nitrogen, kept in a domestic microwave oven (2.45 GHz, 
1000W) and heated for 5 min at 55 % power output. After completion of the reaction, the 
mixture was cooled to room temperature. The resulting reaction mixture was precipitated by 
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adding an excess of methanol and collected by centrifugation. The product was washed with 
methanol by a repetitive dispersion/precipitation cycle and re-dissolved in chloroform, stored 
in dark for further studies. 
 
Conventional heating method. In a typical synthesis, Cd(DDTC)2 (50 mg) was dissolved in  
of anhydrous 1,2-dichlorobenzene (DCB, 5ml) containing oleylamine (200 l) under nitrogen 
flow. Polymer (P7 or P8) (5 mg) was added to the mixture and continued stirring until the 
entire polymer get dissolved completely. The reaction flask was heated to 180°C under 
nitrogen flow for 30 min. After completion of the reaction, the mixture was cooled to room 
temperature. Excess methanol was added to precipitate the polymer along with nanocrystals. 
The reaction mixture was cleaned by centrifugation and dissolved in chloroform for further 
studies. 
5.3. Results and discussion 
 
5.3.1. Synthesis of polymers. 
 
Monomer Synthesis. Cyano group containing aryl groups are among the most widespread 
electron-withdrawing groups in organic chemistry and can be easily obtained by applying a 
Knoevenagel condensation
23, 24
 of a thiophene carboxaldehye (2) with an aromatic 
acetonitrile moiety (1) in refluxing ethanol containing sodium tert-butoxide, as shown in 
Scheme 5.2. The thiophene carboxaldehydes were either commercially available or prepared 
via a Vilsmeier formylation of the respective thiophene derivatives. The overall yield for the 
monomer was 90%.  Furthermore, the influence of extra solubilizing chains on the thiophene  
ring was investigated. 
Polymerization. The polymers were prepared by chemical oxidative copolymerization of the 
monomers using FeCl3 according to a procedure similar to that of Sugimoto et al.
25
 (Scheme 
2). This method is very useful to prepare polythiophenes due to its simplicity and access to 
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high molecular weights polymers. The reaction proceeds with the formation of an initial 
dark-blue color and a subsequent black precipitate. After the polymerization, the polymers 
containning residual iron (III) salts, was purified by repeated precipitation. A first 
precipitation in MeOH and subsequent in MeOH/hydrazine not only removes residual FeCl3, 
but the latter also dedopes the polymers. Further traces of iron- (III) salts were removed by 
Soxhlet extraction with methanol. During this step the polymer was also purified from 
unreacted monomers. Further acetone extraction of the solid polymers removes oligomers 
and low molecular weight fractions, and the soluble fraction was eventually collected by 
extraction with chloroform. Polymerization results and the characteristics of the different 
polymers from the different polymerizations are summarized in Table 1. The weight-average 
molecular weights (Mw), the number-average molecular weights (Mn), and molecular weight 
distribution (PD) of the polymers have been determined by GPC in THF using polystyrene 
standards.  
The steric hindrance arising due to the alkyl side chains on the thiophene units makes the 
monomers less reactive and causes lower molecular weights. The full characterization of 
electronic properties and nanocrystal/polymer hybrid preparation has been carried out on the 
samples prepared with a polymerization time of 12 h, since they have the moderate molecular 
weights and similar polydispersities. 
Table 5.1.  Molecular weight (Mw, Mn) and polydispersity index (PDI) and thermal 
properties (Td) of the polymers P7 and P8 at room temperature.  
 
Polymer Color Mn Mw PDI Td 
P7 Dark brown 5102 15467 3.0 373 
P8 Dark brown 7774 21726 2.8 320 
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5.3.2. Thermal Properties 
 
          Thermal stability of the polymers was evaluated using thermogravimetric analysis 
(TGA) at a heating rate of 10 °C/min under nitrogen atmosphere.  Figure 5.1 shows the 
themograms of polymer P7 and P8.  All polymers showed small weight loss of less than 5% 
below 350 °C.  Thermal degradation temperatures Td values are tabulated in Table 1. The 
polymers are thermally stable up to 400 
o
C.  Weight loss at this transition is accounted for the 
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degradation of hexyl and octyl chain substituents from the thiophene units. Polymers P7 and 
P8 showed good thermal stability and the onset degradation temperatures were in the range 
of 400 - 425 
o
C.  Both polymers suffered only 40 - 50% weight loss above 450 
o
C.   






























               Figure 5.1: TGA scans for polymers P7 and P8 carried out in nitrogen atmosphere. 
 
 
5.3.3. Optical properties of the polymers. 
 
          UV-Vis spectra of polymers measured in both thin films and in chloroform solution are 
given in Figure 5.2 and summarized in Table 5.2.  Transparent and uniform polymer films 
were prepared by spin casting their chloroform solution on quartz plates. The absorption peak 
of the polymer solution covers from 350 nm to 700 nm with the maximum absorption (λmax) 
at 520 - 525 nm. For the polymer film, the absorption maxima were much broadened with a 
band edge at around 800 nm from which the optical energy bandgap (Eopt) was calculated  
(Eopt = 1240/) to be 1.52 eV for P7 and 1.36 eV for P8. The broad absorption of the polymer 
film indicates that a stronger inter-chain interaction in solid state. 
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Figure 5.2: Normalized UV/vis spectra of polymer P7 and P8 (A) in solution and (B) as 
films.  
 



















P7 520 626 576 1.47 
P8 522 626 574 1.52 
 
 
The fluorescence emission spectra of P7 and P8 in solutions are shown Figure 5.3. The 
polymer solution shows a PL peak at 625 nm. No PL was observed in the polymer film, 
which could be due to the PL quenching of aggregation of the polymer chains in the solid 
film. 
 
























 Figure 5.3:  Emission spectra of the polymers (P7 and P8) in dilute chloroform solution. 
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5.3.4. Electrochemical properties. 
          Cyclic voltammetry (CV) using 0.1 M TBAPF6 as a supporting electrolyte in 
anhydrous acetonitrile (ACN) was used to study the electrochemical behavior of the 
polymers and to estimate respective highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) energy levels. The CVs displayed quasi-reversible 
oxidation and reduction processes (Figure 4) for all polymers. Electrochemically determined 
band gaps (Eg) were derived from the difference between onset potentials for oxidation (Eonset 
ox) and reduction (Eonset red) of polymers. The CV data of the two polymers are summereized 
in Table 5.3. This suggests that the reduction is mainly dominated by the presence of the 
cyanovinylene linkages and that the variations in the band gap are mainly determined by the 
HOMO of the polymers. 






















 P7 A B
























Figure 5.4: Cyclic voltammograms of the thin films of P7 (A) and P8 (B) on a platinum disk 
electrode in acetonitrile with 0.1 M tetrabutylammoniumhexaflurophophate as supporting 
electrolyte at scan speed of 100 at room temperature.   
 
Table 5.3:  Electrochemical potentials and energy levels of polymers P7 and P8 determined 















P7 0.53 -4.93 -0.99 -3.41 1.52 
P8 0.51 -4.91 -0.85 -3.55 1.36 
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5.3.5. Optical Properties of hybrids. 
 Figures 5A and B show the absorption spectra of the chloroform solution containing 
nanocrystals and polymers P7 and P8. These spectra are simply the sum of the absorption 
spectra of the constituent parts; with no evidence of any additional absorption peaks in the 
spectral range of 300 – 800 nm, with negligible ground-state charge-transfer between the 
polymer and the nanocrystals. Also, there is no evidence for any absorption corresponding to 
a spatially indirect charge-transfer transition between polymer and nanocrystal. Since the 
absorption coefficient of CdS nanocrystals is much smaller than that of polymers, the optical 
density of the nanocrystals at their lowest energy absorption peak is smaller than the optical 
density of the polymer at the  - * absorption peak. As is clear from the Figures 5.5 A and 
B, the excitonic peak of CdS NCs synthesized my microwave irradiation is smaller compared 
to the CdS NCs prepared via conventional heating, indicating a decrease in the size of 
nanocrystals. 
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Figure 5.5: Normalized absorption spectra of CdS/P7 (A) and CdS/P8 (B) hybrids prepared 
by microwave and conventional heating method. Photoluminescence spectra of CdS/P7 (C) 
and CdS/P8 (D) hybrids prepared by microwave and conventional heating method. 
 
       Figures 5.5C and D show the PL results of for the CdS/P7 and CdS/P8 hybrids 
respectively.  The emission peak intensities were measured with respect to the polymer and 
the polymer/nanocrystal hybrid absorption changes. In case of P7/CdS nanocrystals hybrids 
(Figure 5.5C), the fluorescence intensity slightly increased in case of both conventionally 
prepared and microwave synthesized hybrids.  
       On the other hand, in case of P8/CdS nanocrystals hybrids (Figure 5.5D) we observed 
completely different scenario compared to P7/CdS nanocrystals hybrids.  The fluorescence 
intensity increased in case conventionally prepared hybrids whereas the fluorescence 
intensity decreased in case of microwave prepared samples. We suggest that the observed PL 
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quenching may arise due to the charge transfer from the excited nanocrystals to the polymer 
after a diffusion-controlled encounter. In this scenario, a photon of light is absorbed by the 
nanocrystal and a pair of excited state charge carriers is created. These may radiatively 
recombine, or there may exist a competing non-radiative pathway out of the excited state. A 
charge-transfer event would be such a competing non-radiative pathway out of the excited 
state.  Due to the relative conduction band edge alignment in that system, they observed 
electron transfer.  
     The observed PL enhancement can be explained by the nanocrystals’ ability to 
concentrate the intensity of local excitation. The local field induces an absorption 
enhancement for the polymers.
26
 Moreover; the excited state in polymer would also have an 
additional non-radiative decay process when the polymer is near the nanocrystals. This effect 
arises from the out of phase dipolar component of the induced macroscopic polarization in 
the nanocrystals, as well as from the higher order, nonradiating induced multi-poles because 
the nanocrystals are in the near field of the polymer dipoles.
27
   
      Therefore, the emission dipole in the polymer will induce a macroscopic polarization in 
the nanocrystals, which becomes large near the frequency of the band edge absorption. The 
in-phase dipolar component of this response increases the total emission dipole, resulting in a 
concomitant increase in the radiative emission rate. This electromagnetic interaction between 
the two components reflects the coupling of polymer dipole to the macroscopic dipole in the 
nanocrystals and then to the emitted radiation field. The role of this resonance is to amplify 
the electromagnetic intensity at the location of the conducting polymers, at both the PL and 
the incident frequencies thus induces an increase in the radiative rate of the existing 
conducting polymer. 
     The above observation implies that there were two effects of interaction between 
nanocrystals and the polymers: one is the energy, transferring from the polymer to the 
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nanocrystals, which causes the PL intensity quenching; the other is the energy, transferring 










5.3.6. Morphological Studies. 
          TEM images for CdS/P7 and CdS/P8 hybrids synthesized under conventional and 
microwave heating are shown in Figure 5.6 and Figure 5.7, respectively. In both methods the 
nanocrystals had non-spherical morphology. Moderate agglomeration was also observed due 
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to the high surface energy of the nanocrystals. The ring pattern in the inserted selected-area 
electron diffraction (SEAD) accounts for the random orientation of the nanoparticles on the 
TEM grid. The rings for CdS can be assigned to (101), (002), (101), (102), (110), (103) and 





Figure 5.7: TEM images of P7/CdS (A) and P8/CdS hybrids prepared by microwave 
treatment 
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       The wide-angle X-ray diffraction patterns of the hybrid film samples obtained by 
microwave as well as conventional heating are shown in Figure 5.8. The XRD pattern is 
consistent with predominantly hexagonal phase. However, the (1 1 0), (1 0 3), and (1 1 2) 
planes of wurtzite CdS are clearly distinguishable in the diffraction pattern. From the XRD 
pattern, it is observed that (002) peak is stronger and narrower compared to other peaks, 
which indicates that the nanocrystals are elongated along c-axis. It is evident from the EDAX 
spectrum that both cadmium, sulfur is present in the nanocrystal/polymer hybrids (Figure 
5.9). The ratio of Cd: S is not stoichiometric because the signal of the S element also comes 
from the thiophene unit of the polymer backbone. 
The air stable single-source molecular precursor Cd(DDTC)2 are  known as a class of 
inorganic core-cluster complexes,
28-31
 which are very unstable in the presence of nucleophile 
(e.g. oleylamine) under proper reaction conditions such as heating or microwave irradiation. 
Nucleophilic attack by oleylamine at the thione carbon can form CdS crystal nuclei.
28-31
 
These crystal nuclei are highly reactive due to their high surface energy and have the 
tendency to combine with each other to grow into larger nanocrystals (Shown in the scheme 
below). 
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Figure 5.9: EDX analysis of the microwave prepared CdS-P7 (a), CdS-P8(c) and 
conventionally prepared CdS-P7 (b), CdS-P8(d) hybrids. 
 
 
5.3.7. Electrochemical properties of the hybrids. 
          Electrochemical properties of the nanohybrid materials were determined suing cyclic 
voltammetry. Figure 5.10 shows a typical voltammogram at a scan rate of 0.1 V/s with 
platinum-working electrode. First, the potential range of the electrochemical cycle of 
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nanohybrids do not overlap with that of pure semiconductor NCs’ activity. Thus, in hybrid 
materials consisting of electroactive polymers and NCs, the former can be selectively 
switched between the undoped and doped states, enabling the formation of either 
semiconductor – semiconductor or conductor – semiconductor molecular junctions. Second, 
the electrochemical switching is accompanied by profound spectral changes, which can be 
explored in several types of electrochromic or sensing devices 























































Figure 5.10: Cyclic voltammogram of the thin film of CdS/P7 (A) and CdS/P8 (B) hybrids on 
a platinum disk electrode in acetonitrile with 0.1 M tetrabutylammoniumhexaflurophosphate 
(TBAPF6) as supporting electrolyte. Scan speed 100 mV/s at room temperature.  
 
        The P7/CdS and P8/CdS nanocrystal hybrids showed a prominent oxidation wave at 1.1 
V to 1.5 V and a reduction wave at 1.5 – 2.0 V versus Ag/Ag+ reference electrode(Figure 
5.10). It was observed that the presence of CdS nanocrystals inside the polymer matrix in the 
hybrid system led to changes in bandgap in the system and rearanges the position of HOMO 
and LUMO levels. 
     The voltammogram recorded in the potential range from -2.0 V to +2.0 V differed from 
that of the pure polymers.  Comparative analysis showed that in case of conventionally 
synthesized CdS/P7, HOMO level was decreased by 0.33 V whereas for microwave 
synthesized CdS/P7 HOMO level was lowered by 0.39 V (Table 4). On the other hand, in 
case of conventionally heated CdS/P8, HOMO level was lowered by 0.28 V whereas for 
microwave treated CdS/P8 HOMO level was decreased by 0.32 V. The redox process 
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associated with the nanocrystal/polymer hybrids perturb the oxidation and reduction process 




     A comparison of the values with the data (Figure 5.11) for the pure materials indicates 
potential charge transfers from the HOMO of polymers to the valence band of the 
nanocrystals most probably because of the high difference between the energy levels 



























P7 P8P7/CdS P7/CdS-MW P8/CdS-MWP8/CdS
 
Figure 5.11: Estimated energy level positions versus vacuum (eV) for the pure polymers P7 
and P8 and their respective inorganic-organic hybrids by means of CV. 
Nanocomposite 












P7-CdS 0.86 -5.26 -1.01 -3.39 1.87 
P7-CdS-MW 0.92 -5.32 -0.93 -3.47        1.85 
P8-CdS 0.79 -5.19 -0.92 -3.48 1.71 
P8-CdS-MW      0.83 -5.23 -0.99 -3.41 1.82 
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         CdS nanocrystal-conducting polymer hybrids were synthesized with low band gap 
cyanovinylene copolymers via direct thermolysis of an air stable single source molecular 
precursor Cd(DDTC)2 . Two methods, microwave and conventional heating were used for the 
synthesis. The morphological studies were carried out using XRD and TEM. TEM studies 
showed that the shape and size of the CdS nanocrystals highly depends on the method of 
synthesis used. Spectroscopic results suggest that the conjugation present in the polymer 
matrix causes increased overlapping between electron – hole pair wave function. Comparison 
of cyclic voltammograms for pure polymer and CdS/polymer hybrids suggests how the 
quantum dots immobilized in polymer can trap the intermediate radical cation at a given 
potential and HOMO - LUMO level changes in presence of the different nanocrystals. These 
nanostructured hybrids can form stable dispersions and provides easy solution processing 
which is suitable for thin film based device appicaltion. 
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Comparative Behavior of In Situ 
Grown CdSe and CdS-AgInS2 
Nanocrystals in Low Band Gap 
Polymers 
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         Nanostructured inorganic-organic hybrid functional materials have generated interests 
for forthcoming applications in photovoltaics and optoelectronics
1–9
. While semiconducting 
polymers
10
 are well known for their solution processablity and mechanical flexibility, 
inorganic semiconductor nanocrystals
11
 showed unique behavior due to their size-dependent 
optical properties. A combination of both organic and inorganic components can produce 
inorganic-organic hybrid structures that can help us utilize the preferred properties of both 
classes of materials.
1, 12-17
 Fluorene based conducting polymers,
 18
 in combination with CdSe 
nanocrystals were found to suppress the polymer’s keto defect in light-emitting diodes19 as 
well as enhance the efficiency of photodiodes.
20
 It is also found that hybrid structures of 
semiconducting polymers and strongly luminescent semiconductor nanocrystals have many 
advantages in display technology due to  large-area processability along intense emission 
properties. Recently, nanostructured hybrids are attracting application in the field of next 
generation organic–inorganic solar cells. 
         It is generally believed that in situ formation of 1-D nanostructures, e.g., nanorods, in 
the hybrids is technically desirable for photovoltaic application because 1-D nanostructures 
exhibit much better connectivity than their spherical counterparts and act as large surface area 
electron acceptors in a bulk heterojunction.
21
 In addition, the nanorods are confined in two 
dimensions modifying the band structure, which results in a tunable optical absorption edge
21
 
while allowing exciton diffusion and separation along the unconfined dimension.
22
 Sun et al.
 
23
 fabricated a hybrid solar cell based on the CdSe nanorod/polymer with a power conversion 
efficiency of 2.6%  by mixing CdSe nanorods with an aspect ratio of 13 with P3HT.
 
This also 
suggested that the efficiency of hybrid photovoltaic devices can be improved by using 
nanocrystals with a higher aspect ratio. Therefore, development of semiconductor nanorods 
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with high aspect ratio is t interesting with improved power-conversion efficiency for a 
quantum dot - based photovoltaic devices. 
      In this chapter, we report a one-step synthesis of CdSe nanocrystals and anisotropic CdS-
AgInS2 nanocrystals using two low band gap conducting polymers. Molecular structures of 
the conjugated polymers are given in Scheme1. Such inorganic - organic hybrids were 
studied using microscopic, spectroscopic and electrochemical techniques. The results suggest 
interaction polymer and the semiconductor nanocrystals such as CdSe, CdS-AgInS2 
nanocrystals. 






















6.2. Experimental Section 
 
6.2.1. Materials and methods 
        All reactions were carried out under inert atmosphere (Nitrogen), unless specified 
otherwise.  All reagents were purchased from Aldrich, Fluka or Merck and used without 
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further purification unless otherwise stated.  All reactions were carried out with freshly 
distilled anhydrous solvents under inert atmosphere.  Tetrahydrofuran (THF) was purified via 
distillation over sodium under nitrogen atmosphere.  
       1H and 13C NMR spectra (300MHz) were collected on a Bruker AMX 300 spectrometer.  
FT-IR spectra were recorded on a Bio-Rad FTS 165 spectrophotometer using KBr as matrix.   
The UV-Vis spectra were measured on a Shimadzu 3101 PC spectrophotometer and 
fluorescence measurements were carried out on a RF-5301PC Shimadzu 
spectrofluorophotometer.  The gel permeation chromatography (GPC) measurements were 
performed to obtain molecular weight of polymer with reference to polystyrene standards at 
room temperature using THF (HPLC grade) as the eluent.  The molecular weights and 
molecular weight distributions were calculated based on monodispersed polystyrene 
standards. Thermal properties of the polymers were investigated by thermogravimetric 
analysis (TGA), using a SDT 2960 TA instrument at a heating rate of 10 deg/min under 
nitrogen.  Powder X-ray patterns were obtained with a D5005Siemens X-ray diffractometer 
with Cu Kα (1.5 Å) radiation (40 kV, 40 mA).  The thin films prepared form the samples 
were mounted on a sample holder and scanned between 2θ = 20 ° and 80 °. Electrochemical 
behavior of the polymers was investigated with cyclic voltammtery (CV). The cyclic 
voltammograms were recorded with a computer controlled μ-Autolab type II potentiostat/ 
galvanostat controlled by the Autolab GPES software version 4.7 at a constant scan rate of 
100 mV/s.  Measurements were performed in an electrolyte solution of 0.1 M 
tetrabutylammonium hexaflurophospthate (Bu4NPF6) dissolved in dry acetonitrile.  An 
undivided three-electrode configuration cell was used with a platinum disk working 
electrode, platinum wire as the counter electrode, and Ag/Ag
+
 as the reference electrode.  The 
polymer and hybrid samples dissolved in chloroform were drop casted onto the platinum disk 
electrode to form a thin film and dried in a vacuum oven before being inserted into the cell.  
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Transmission electron microscopic (TEM) images were captured in JEOL JEM - 2010 
instrument operating at 200 KeV. EDX analysis was performed in JEOL JEM - 3010 
equipped with Oxford instrument. The samples for TEM studies were done by evaporating a 
few drops of solution on carbon coated copper grids of 400 mesh sizes. 
 
Synthesis of Monomers and Polymer: 
The synthesis routes of the monomer and polymer are shown in Scheme 6.2. The detailed 
synthetic procedures are as follows: 
Synthesis of 3. 2,5-thiophenedicarboxaldehyde (5 mmol, 1.12 g) and 5-bromo-2-
thiopheneacetonitrile (10 mmol, 1.2 g) were stirred in 60 mL of ethanol, t-BuOK (10 mmol, 
1.12 g) was added and then the mixture was refluxed for 2 h. After cooling to room 
temperature, a yellow crystalline product was obtained, and this was washed with cold 
ethanol thoroughly and dried in vacuum. 
Synthesis of β,β’-Dibromo-di-(2-thienyl)-β,β’-(2,5-thiophene)-diacetonitrile (3).24 2,5-
thiophenedicarboxaldehyde (1.12 g, 5 mmol) and 5-bromo-2-thiopheneacetonitrile (1.2 g, 10 
mmol) were stirred in 60 mL of ethanol, t-BuOK (1.12 g, 10 mmol) was added and then the 
mixture was refluxed for 2 h. After cooling to room temperature, a red crystalline product 
was obtained, filtered, washed with cold ethanol thoroughly and dried in vacuum. 
Yield: 76%. LC-MS-TOF: m/z = 507. 
1
H NMR (300 MHz, CDCl3, δ, ppm):  7.71 (s, 2H), 
7.28 (s, 2H), 7.14 - 7.15 (2H), 7.06 -7.05 (2H). 
13
C NMR (CDCl3, ppm, 300 MHz): 140.7, 
139.7, 132.1, 131.4, 130.2, 128.0, 116.1, 114.3 and 104.7. Anal. Calcd for C18H8Br2N2S3: C, 
42.53; H, 1.59; Br, 31.44; N, 5.51; S, 18.93; found: C, 41.92; H, 1.83; Br, 31.76; N, 5.59; S, 
18.49. 
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Synthesis procedure for the polymers P9 and P10.  Dibromo compounds and 
corresponding diboronic acids were dissolved in 30 mL of dry THF under N2. To the solution 
were added K2CO3 (aq) (2.0 M, 20 mL; N2 bubbled before use), Pd(PPh3)4 (0.23 g, 0.20 
mmol), and small amount of  phase transfer catalyst CTAB. The mixture was stirred for 3 
days at 80 °C, the solvent was removed under vacuum. The resulting solid was dissolved in a 
small amount of chloroform and reprecipitated with large excess of methanol. 
 
P9:  dark red.  Yield 63%.  
1
H NMR (CDCl3, δ, ppm):  7.5-7.75 (6H, b, Fluorene), 7.4 (2H, b, 
Ar-H), 2.1 (4H, b, CH2), 1.51-1.68 (10H, b, CH2), 1.12-1.46 (28H, b, CH2), 0.82-0.88 (12H, 
b, CH3). FT-IR (KBr, cm
-1
):  3467, 3066, 2923, 2851, 1607, 1503, 1465, 1385, 1282, 1212, 
1119, 1069, 1028, 878, 846, 792, 721, 695, 540. 
 
P10:  Dark red solid.  Yield 70%.  
1
H NMR (CDCl3, δ, ppm):  7.66 (4H, b, benz-H), 7.55 
(2H, s, Ar-H), 7.32-7.39 (4H, b, Ar-H), 1.84-1.96 (4H, b, CH2), 1.51-1.68 (10H, b, CH2), 
1.12-1.46 (28H, b, CH2), 0.82-0.88 (12H, b, CH3).  FT-IR (KBr, cm
-1
):  3436, 3067, 3023, 
2917, 2848, 1597, 1545, 1486, 1467, 1405, 1385, 1284, 1210, 1069, 1030, 915, 848, 826, 
791, 754, 720, 689. 
6.2.2. Preparation of AgIn(DDTC)4. The preparation of the air stable single-source 
precursor, AgIn(DDTC)4 was carried out following  a previous report.
25
 In a typical reaction 
for AgIn(DDTC)4, 0.025 mol of AgNO3 , 0.025 mol of In(NO3)3 were firstly dissolved in 100 
mL of distilled water and  in another beaker  0.05 mol of Na(DDTC) were dissolved in 100 
mL of distilled water.  The two solutions were mixed in a 500 mL beaker with stirring. After 
constant stirring at ambient condition for 2 h, the resulting light yellow precipitate was 
filtered, washed with distilled water followed by methanol, and dried in air at 60 °C. 
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6.2.3. Synthesis of Hybrids: 
CdSe/polymer hybrids: CdSe nanocrystals were synthesized using a modified literature 
procedure.
26
 In total, of Cd(CH3COO)2 (26 mg, 0.2 mmol) and polymers P9 or P10 (10 mg) 
were dissolved in the mixture of 1,2-DCB (8 ml)  and DMSO (2 ml). The reaction mixture 
was heated to 180 °C under nitrogen atmosphere. The Se solution was prepared by dissolving 
of Se powder (4 mg, 0.05 mmol) and NaBH4 (2 mg, 0.05 mmol) in of OLA (2 mL). It was 
injected into the reaction mixture with rapid stirring. The nanocrystal/polymer hybrids were 
obtained with ripening at 180 °C for a set period of time (ca. 30 min) following the Se 
solution injection The hybrids were precipitated, washed with methanol and redispersed in 
chloroform and stored under dark for further characterization. 
 CdS-AgInS2/Polymer hybrid: In a typical synthesis, of Cd(DDTC)2 (25 mg) and 
AgIn(DDTC)4 (25 mg) were dissolved in anhydrous 1,2-dichlorobenzene (DCB) ( 5ml) under 
nitrogen flow. Polymer (10 mg) was added to the mixture with continued stirring until the 
dissolution of the polymer. Under nitrogen flow the reaction flask was heated to 160 °C and 
oleylamine (200 μl) was added to start the nanocrystal nucleation. The reaction mixture was 
annealed for 30 min and cooled to room temperature. Excess methanol was added to 
precipitate the polymer along with nanocrystals, purified by repeated washing and 
centrifugation. 
6.3. Results and discussion 
 
6.3.1. Synthesis of polymers 
 
          Polymers (P9 and P10) were synthesized by the palladium-catalyzed Suzuki cross-
coupling reaction. All polymerization reactions were carried out using Suzuki coupling 
reaction using 5 mol% Pd(PPh3)4 as catalyst in a mixture of THF and aqueous potassium 
carbonate (2M) (3:2 v/v) , CTAB (40 mol%) under nitrogen atmosphere at 75 - 80 °C for 3 
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days. After completion of reaction, polymers are precipitated from methanol and resulting 
solid was washed with acetone and purified by Soxhlet extraction.   
     The molecular weights of the polymers were measured by means of gel permeation 
chromatography (GPC) using THF as eluent and polystyrene as the standards (Table 6.1).  
The polymers obtained P9 and P10 were soluble in common organic solvents, such as THF, 
chloroform, and toluene.  All polymers were characterized using FT-IR, 
1
H NMR, GPC, 
TGA and X-ray diffraction.  The assignments of the 
1
H NMR peaks are discussed in the 
experimental section.   
       Both the polymers (P9 and P10) were characterized using FT-IR, 1H NMR, GPC, TGA 
and X-ray diffraction.  The assignments of the 
1
H NMR peaks are given in experimental 
section.  Data for polymers P9 and P10 were in good agreement with the proposed structure. 
 
Table 6.1.  Molecular weight (Mw, Mn) and polydispersity index (PDI) and thermal 
properties (Td) of the polymers P9 and P10 at room temperature.  
 
Polymer Color Mn Mw PDI 
 
Td 
P9 Dark red 3516 17621 5.0 
 
351 











Pradipta Sankar Maiti 
  National University of Singapore 
 
 145 



































Pradipta Sankar Maiti 
  National University of Singapore 
 
 146 
6.3.2. Thermal Properties. 
 
          Thermal stability of the polymers was evaluated using thermogravimetric analysis 
(TGA) at a heating rate of 10 °C/min under nitrogen atmosphere.  Figure 6.1 shows the 
thermograms of polymer P9 and P10.  Polymer P9 showed small weight loss of less than 3% 
below 350 °C.  Thermal degradation temperatures Td values are tabulated in Table 6.1. In 
case of the P10, Td was around 220 °C and low thermal stability of the polymer can be 
attributed to the presence of 9-fluorenone on the polymer backbone. Weight loss at this 
transition is accounted for the degradation of alkyl chain substituents. Polymers P9 and P10 













Figure 6.1: TGA scans for polymers P9 and P10 carried out under nitrogen flow. 
 
 
6.3.3. Optical Properties 
 
        UV-Vis spectra of polymers measured in both thin films and in solution are given in 
Figure 6.2.  The absorption and emission properties of the polymers P9 and P10 in 
chloroform and in thin films are summarized in Table 6.2.  Transparent and uniform polymer 
films were prepared by spin casting the chloroform solution on quartz plates. Films of all four 
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polymers are magenta in color. The absorption and emission spectra of the polymers in dilute 
chloroform solution are given in Figure 2. P9 - P10 showed two absorption maxima, 
corresponding to the  – * transitions of the fluorene unit (lower absorption) and the 
benzothiadiazole moiety (higher absorption) as shown in Figure 2. Absorption spectra of P9 - 
P10 in solution shows two maxima, one in the range of 310 - 360 nm and other one in the 
range of 520 - 530 nm. The absorption spectra of P9 and P10 in the solid state were 
significantly red shifted (ca. 20 nm) due to aggregation.  
     The emission spectra of P9 - P10 in solutions are shown Figure 3. Regardless of excitation 
wavelength, intense emission around 605 - 607 nm was observed for both the polymers. This 
independence of excitation wavelength might result from the spontaneous intra-molecular 
charge transfer in the donor–acceptor copolymer system.  
 





























































 Figure 6.2: Normalized UV/vis spectra of polymer P9 and P10 (a) in solution and (b) in 
films.  
.  



















P9 530, 317 605 550, 320 1.79 
P10 526, 358 607 545, 359 1.83 
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Figure 6.3: Emission spectra of the polymers P9 and P10 in dilute chloroform solution 
 
 
6.3.4. Electrochemical properties of the polymers. 
 
          Electrochemical properties of the polymers (P9 - P10) are investigated by cyclic 
voltammetry by casting the film of polymer over platinum electrode.  The studies were 
performed in a 0.1M solution of Bu4NPF6 in acetonitrile, with a scan rate of 100 mVs
-1
 under 
nitrogen atmosphere at room temperature. Cyclic voltamogram of polymers are shown in 
Figure 4 and electrochemical data are summarized in Table 3. 





















































Figure 6.4: Cyclic voltammograms of the thin films of (A) P9 and (B) P10 on a platinum disk 
electrode in acetonitrile with 0.1 M tetrabutylammoniumhexaflurophophate as supporting 
electrolyte at scan speed of 100 mV/s at room temperature.   
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Polymer P9 and P10 showed single oxidation peak at 1.16 V and 1.74 V with oxidation onset 
potential at 0.96 V and 0.82 V and reduction peak onset appeared at 0.97 V and 0.88 V, 
respectively.  All polymers showed irreversible n doping which may be due to strong interaction of 




 The HOMO energy levels 
and LUMO energy levels are summarized in Table 3.  HOMO and LUMO energy levels are 
calculated from oxidation and reduction potential using onset potential using the empirical formula 
EHOMO = - (Eox + 4.4) eV and ELUMO = - (Ered + 4.4) eV .
28 














P9 0.77 -5.17 -0.97 -3.43 1.74 
P10 0.87 -5.27 -0.88 -3.52 1.75 
 
 
6.3.5. Optical Properties of hybrids 
          Figure 6.5A and 6.5B shows the absorption spectra of the hybrid solution containing 
nanocrystals and polymers P9 and P10. The absorption spectra of the hybrids represent a 
superposition of the individual constituents spectra with a strong band originating from the 
–* transition from the conducting polymer. There was no evidence of any additional 
absorption peaks in the spectral range measured at 300 – 800 nm. The spectra of the hybrids 
showed significantly higher absorption in the UV region which could be due to the presence 
of CdSe and CdS-AgInS2 nanocrystals. 
Figure 6.5C and 6.5D show the PL results for the hybrids in chloroform solution. The 
emissions from the polymers were strongly quenched by the nanocrystals, CdSe and CdS-
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AgInS2. This may be due to charge transfer from polymer to the respective nanocrystals in 
the hybrid. 
 





















































































































Figure 6.5: Absorption spectra of nanocrystals/P9 (A) and nanocrystals/P10 (B) hybrids 
prepared by one pot synthesis. Photoluminescence spectra of nanocrytals/P9 (C) and 




6.3.6. Morphological characterization of the hybrids. 
          Figure 6.6 show the typical transmission electron microscopy (TEM) and high-
resolution TEM images of CdSe QDs obtained at each reaction step, showing that the QDs 
have a narrow size distribution.  
      The lattice parameters of (1 1 1), (2 2 0), and (3 1 1) from the selected area electron 
diffraction (SAED) illustrate that the as-prepared QDs have cubic zinc blended structure, 
which is confirmed by the results of X-ray diffraction (XRD) analysis (Figure 6.8). The cubic 
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zinc blended structure is kinetically favored and is observed at all QDs in our synthetic 
system for CdSe nanocrystals, owing to their low growth temperature (180 °C) used in the 
synthesis. Three distinct diffraction peaks are observed in the XRD spectra and matched well 









        Figure 6.6:  TEM images of P9/CdSe (A) and P10/CdSe (C) hybrids  
 
TEM images of the CdS-AgInS2/polymer hybrid (Figure 6.7) showed that the nanorods have 
rather uniform size with crystalline lattice. Both the air stable single-source molecular 
precursors, Cd(DDTC)2 and AgIn(DDTC)4 can be regarded as a class of inorganic core-cluster 
complexes,
31-34 
they are highly unstable in the presence of nucleophile (e.g. oleylamine) under 
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suitable reaction conditions such as heating. Nucleophilic attack by oleylamine at the thione 
carbon of the complexes can lead to the formation of [Cd2S2] and [AgInS2] crystal nuclei from 
respective complexes.
31-34
 The newly born crystal nuclei have very high hurface energy and 
have the tendency to combine with each other to grow along a unique directionthat results in 
the one-dimentional CdS-AgInS2 nanorods. The inserted selected-area electron diffraction 
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Figure 6.7: TEM images of P9/CdS-AgInS2 (A) and P10/CdS-AgInS2 (C) hybrids 





































Figure 6.8. XRD data for of Polymer/CdSe (A) and Polymer/CdS-AgInS2 (B) hybrids 
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Figure 6.9: EXD data for of P9/CdSe (a), P10/CdSe (c) and P9/CdS-AgInS2 (b), P10/CdS-
AgInS2 (d) hybrids. 
 
The lattice fringes visible in the HRTEM images are indicative of the high crystallinity of 
these particles (Figure 6.6B, 6.6D). The indexing of the lattice parameters of the selected area 
electron diffraction (SAED, shown in Figure 6.6B, 6.6D, inset) was consistent with the (200), 
(002), (121), (122), (040), (123) and (322) lattice planes of orthorhombic AgInS2 and 
hexagonal CdS consisting (110), (103) and (112) planes. Ratio of Cd, Ag, In and S is 1: 1: 
1.05: 2.27, analyzed from EDAX (Figure 6.9). A slightly higher ratio of sulfur may be 
attributed to the presence of polymers on the surface. 
 
6.3.7. Electrochemical properties of the Hybrids 
          Nanostructured inorganic-organic hybrids are considered as next level smart materials 
for promising applications in photovoltaics, so special care should be taken with regard to the 
alignment of the HOMO and LUMO levels of the components. Figure 10 showed comparable 
cyclic voltammogram. . The voltammogram recorded in the potential range from -2.0 V to 
+2.0 V differed from that of the pure polymers. To get a better understanding of the 
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electronic effects resulting from the hybrids, electrochemical data from pure polymer and 
polymer/nanocrystal hybrid were compared. It was observed that the interactions between the 
polymers (P9 and P10) and the nanocrystals (CdSe and CdS-AgInS2) in the hybrid system 
lead to change in bandgap in the system. They also influence the position of HOMO level as 
well as LUMO levels. 
      Comparative measurements show that in case of CdSe/P9, HOMO level was decreased 
by 0.11 V whereas for CdSe/P10 HOMO level was increased by 0.11 V (Table 4). On the 
other hand, in case of CdS-AgInS2/P9, HOMO level is increased by 0.09 V whereas for CdS-
AgInS2/P10 HOMO level was decreased by 0.02 V. It is conceivable that the electronic 
properties associated with the nanocrystal/polymer hybrids perturb the oxidation and 
reduction potential via charging the nanocrystal surface and slow relaxation processes 






























































Figure 6.10: Cyclic voltammogram of the thin film of P9/nanocrystals (A) and 
P10/nanocrystals (B) hybrids on a platinum disk electrode in acetonitrile with 0.1 M 
tetrabutylammoniumhexaflurophosphate (TBAPF6) as supporting electrolyte. Scan speed 100 
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Table 6.4: HOMO and LUMO energy level of Polymer/nanocrystals hybrids determined 































Figure 6.11: Relative position of the HOMO and LUMO levels for the pure polymers P9 - 




       In summary, nanocrystal/polymer inorganic - organic hybrid materials were synthesied 
by combining CdSe and CdS-AgInS2 and two low band gap polymers.  The structures of the 
hybrids were investigated using TEM, XRD, EDX, optical and electrochemical properties by 














P9-CdSe 0.88 -5.28 -1.08 -3.32 1.96 
P9-CdS-AgInS2 0.68 -5.08 -0.86 -3.54       1.54 
P10-CdSe 0.76 -5.16 -0.83 -3.57       1.59 
P10-CdS-AgInS2      0.89 -5.29 -0.74 -3.66 1.63 
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photoluminescence in chloroform solution of the hybrids is an unambiguous indication of the 
electronic inteaction between the polymers and the nanocrystals. It was also found that CdS-
AgInS2 nanorods have better charge transfer efficiency compared to CdSe nanocrystals 
though they have almost similar bandgaps. Electrochemical studies of the hybrid films 
allowed us to further investigate on the polymer-nanocrystal interaction. Comparison of 
cyclic voltammograms for pure polymer and nanocrystal/polymer hybrids suggest that the 
quantum dots immobilized in conjugated polymer matrix can influence HOMO - LUMO 
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7.1. Conclusion and future prospect 
       The principal aim of the thesis was to explore structure–property relationship of several 
structurally and compositionally versatile inorganic-organic hybrid systems. While working 
along this line, ten polymers and their nanostructured hybrids with semiconductor 
nanocrystals such as CdS, CdxZn1-xS, CdSe, CdS-AgInS2 have been designed and synthesized 
using “one pot” synthesis method. 
       Chapter two of the thesis describes synthesis, characterization and non-linear optical 
properties of CdS/polymer hybrids. The benzothiazole-incorporated copolymers are 
synthesized using Suzuki coupling reactions as the keysteps. Detailed investigation about 
their photophysical, morphological, z-scan studies revealed significant contribution between 
the nanocrystals and the polymer on nonlinear optical properties. These results are significant 
in terms of designing new metamaterials in optical switching applications. 
      Taking a cue from the Chapter two, Chapter three explores the enhanced optical limiting 
porperties of the CdS-AgInS2/Polymer hybrids. Those hybrids were synthesized using the 
same banzothaidiazole incorporated polymers and the mixture of two single sourse 
precursors. The Z-scan studies revealed that the hybrids have much better optical limiting 
properties as compapred to the indivual components present in them. These findings are 
significant as it enriches the conceptual knowledge required for designing better protecting 
devices against laser damage. 
       In Chapter four, microwave assisted wet chemical synthesis was employed for rapid 
synthesis for nanocrystal/polymer hybrids. Two wide bandgap semiconductors CdxZn1-xS and 
CdS were synthesized using semiconduting polymer matrix. After detailed investigation of 
optical, thermal, electrochemical properties, it was observed that the eletrochemical bandgap 
of the hybrids have changed drastically. To our knowledge, this is the first time where 
microwave assisted synthesis of inorganic-organic hybrid materials containg inorganic 
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semiconductor and conjugated polymers were explored.  
        Two competitive methods, microwave and conventional heating were employed to 
synthesize CdS/polymer inorganic-organic hybrids in Chapter five. It was noticed that the 
shape and size of the nanocrystals highly depends on the synthesis method used. Detailed 
electrochemical studies revealed that, the HOMO and LUMO energy levels in the hybrids 
have changed as compared to the pure polymers used in the synthesis. By carefully choosing 
the synthetic conditions and proper composition, many inorganic – organic hybrid materials 
can be designed and synthesized. 
       Synthesis and characterization of inorganic - organic hybrids consisting of two 
semiconductor nanocrystals having almost similar energy bandgap are described in Chapter 
six. The low bandgap conducting polymers were synthesized using Suzuki coupling reactions 
and characterized by NMR (1H) and FT-IR spectroscopic techniques. Photoluminiscence 
quenching studies conducted on the hybrids revealed high rate of charger transfer between 
the polymers and the nanocrystals. CdS-AgInS2 showed better charge transfer properties as 
compared to CdSe. Such properties of the synthesized hybrids may be useful for potential 
applications in photovoltaics devices. From this work, it is conceivable that despite having 
almost similer energy bandgap, rod shaped semiconductor nanocrystals showed better charge 
transport efficiency compared to the spherical nanocrystals. 
       This study shed light on the colloidal semiconductor nanocryastals and conducting 
polymer hybrids as interesting materials for optoelectronic devices. The complexity 
associated with implementing the potential advantages of these materials is also interesting. 
We have shown that proper composition and synthetic conditions should be used fro 
improving the performance of devices. In general, size and chemical composition of the 
semiconductor nanocrystals determine their band gap, but the results from the study indicated 
that the synthetic condition could affect the position of the HOMO, LUMO of the system and 
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the band gap. Such knowledge is of great importance in governing the performance of 
heterojunction devices. In addition, size and composition also showed dramatic influence on 
the transport properties, spectroscopic characteristics, and electrochemical bandgaps.  
       Another aspect that refers to the synthetic methodology is the development of easy 
synthesis of novel inorganic – organic hybrid materials using suitable wet chemical methods.  
Already established procedures such as ligand exchange modification offer flexibility and 
facile surface modification. However, the substitution of the original layer is usually not 
complete, and varies for different ligands and possibly for different nanocryatal sizes. So a 
“one pot” synthesis method to complement the ligand exchange procedures was developed.  
   A variety of methods (XRD, absorption, PL, voltammetry) were employed to investigate 
the influence of the counductive polymers as capping layers on the energetic levels of the 
hybrids. The PL results showed influence on the capping layer, but techniques that are more 
sensitive to the interface should be employed. XPS with synchrotron radiation should be 
employed to study the valence band shifts as shown in other reports. Time-resolved PL may 
be used to detect more successfully the differences in charge transfer processes due to 
different hybrid composition.  
        The most promising avenue for future work relates to the application of nanohybrids in 
devices. The opportunity to fabricate type II heterojunction devices through thin film 
formation opens up the possibility to devise inorganic-organic photovoltaic cells. This 
excludes the need to use polymer/nanocryatsl blends that suffer from blending and charge 
transport problems, as well as inadequate energy level alignment. This challenge is currently 
under study in our lab. 
 
